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ABSTRACT 
 
 Development of functional neural circuits involves a series of complicated steps, 
including neurogenesis and neuronal morphogenesis. To understand the molecular 
mechasnims of neurite complexity, especially neurite branching/arborization, the 
Drosophila brain, especially MBNs (mushroom body neurons) and PNs (projection 
neurons) in olfactory circuitry, was used in this dissertation work as the model system to 
study how two molecules, Dscam and Kr-h1 affect neurite complexity in the Drosophila 
brain.  
 For the Drosophila Dscam, through alternative splicing it could encode up to 
152,064 distinct immunoglobulin/fibronectin type cell adhesion molecules. Each Dscam 
isoform is derived from one of the 19,008 ectodomain variants connected with one of the 
two alternative transmembrane segments and one of the four possible endodomain 
portions. Recent studies revealed that Dscam was widely required for neurite 
branching/arborizaiton. However, due to the technical difficulty, the functional roles of 
Dscam transmembrane variants and ectodomain variants remain unclear. In this thesis 
work, a microRNA based RNA interference was used to knock down distinct subsets of 
Dscam isoform. First, loss of Dscam[TM1] versus Dscam[TM2], two distinct Dscam 
transmembrane variants, disrupted the dendritic versus axonal morphogenesis, 
respectively. Furthermore, structural analysis suggested that the juxtamembrane portion 
of transmembrane segment was required for the Dscam protein targeting in 
dendrites/axons and this differential protein targeting might account for the functional 
distinction between Dscam[TM1] and Dscam[TM2]. Second, to further address the 
functional significance of having two Dscam transmembrane variants in axons versus 
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dendrites, the possibility that there might be different usage of Dscam repertoire between 
axons and dendrites that lead to different levels of morphological complexity between 
axons and dendrites in the same neuron was examined. To this end, end-in targeting 
approaches were used to exchange Dscam populations between axons and dendrites. 
Though the genetic data suggested that Dscam populations were exchanged between 
axons and dendrites, the phenotypic analysis in various neuronal types revealed that 
depending on the neuronal types, exchange of Dscam populations between axons and 
dendrites might primarily affect either axonal or dendritic morphology, suggesting that 
different usage of Dscam population between axons and dendrites might regulate 
complex patterns of neurite morphology. Finally, the functions of Dscam exon 4 variants 
had been addressed in different model neurons in the Drosophila brain. First, 12 Dscam 
exon 4 variants were divided into three groups based on their phylogenetic distance. Then, 
three miRNA constructs were engineered to knock down one group at a time. The genetic 
data suggested that different Dscam exon 4 variants are differentially required in different 
neurons to support their proper neuronal morphogenesis. In summary, this part of my 
thesis work identified and characterized previously unrecognized functions of all these 
distinct Dscam variants and provided novel insights into how diverse Dscam isoforms 
regulate the different aspects of neuronal morphogenesis.  
 In the honey bee brain, Kr-h1 is upregulated during the behavioral shift from 
nursing to foraging when there is increased neurite branching in the brain. To directly 
examine the hypothesis that altered Kr-h1 expression might regulate morphological 
complexity of neurites, this research work involved the MARCM (mosaic analysis with a 
repressible cell marker) and TARGET (temporal and regional gene expression targeting) 
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techniques to analyze the roles of Kr-h1 in Drosophila neuronal morphogenesis. 
Interestingly, increased expression of Kr-h1 blocked the axon branching and further 
disrupted the lobe formation in the mushroom body whereas the loss-of-Kr-h1 did not 
show any apparent neuronal morphogenetic defects. In addition, it was observed that Kr-
h1 was expressed when MB (mushroom body) did not undergo active morphogenesis, 
suggesting its potential anti-morphogenetic activity. Indeed, loss of KR-H1 (Kruppel 
homolog 1) enhanced the neuronal morphogenesis that was otherwise delayed due to the 
defective TGF-beta signaling. Furthermore, KR-H1 expression was closely linked to 
ecdysone dependent signaling: KR-H1 was first regulated by usp (ultraspiracle), which 
dimerized with various ecdysone receptors and then KR-H1 expression was essential for 
proper ecdysone patterning in the larval CNS (central nervous system). Together, though 
Kr-h1 could potentially regulate the neurite complexity, it seems primarily involved in 
the coordinating ecdysone signaling.  
In conclusion, the powerful genetic toolkit available in the Drosophila has 
allowed the investigation in the molecular mechanisms of neuronal morphogenesis and 
understanding of these mechanisms will enhance our understanding of how the complex 
nervous system is wired to perform the delicate behaviors.  
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Introduction 
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 Diverse morphology of axons/dendrites 
The neuronal network is the functional basis for many complex behaviors such as 
learning and memory. To build the functional network, many different types of neurons 
are interconnected precisely. As the basic signaling component, each neuron has two 
basic subcellullar compartments: axons and dendrites. Axons conduct action potential 
and terminals of axons are specialized for synaptic transmission whereas the dendrites 
receive and integrate the neurochemical information from other neurons.  
Among the different neuron types, they display diverse morphology for both 
axons and dendrites. In developmental neurobiology, it remains a fundamental question 
how the axonal/dendritic morphogenesis is regulated. In the life span of each neuron, 
there are three major developmental steps. First, a neural progenitor gives rise to the 
progeny cell in the nervous system and this cell adopts distinct neuronal identity in 
response to extrinsic signals; in the second step, the neuron undergoes extensive 
morphogenetic differentiation. The axons of the neurons not only navigate a long 
distance following a precise path but also branch out in order to innervate multiple target 
areas. At the same time, neurons also elaborate dendrites which are often complex and 
highly branched. In the following paragraphs, molecular mechanisms for the 
axonal/dendritic arborization/branching are further discussed. Finally, dendritic spines on 
dendrites form synapses with axon terminals of surrounding neurons, thus establishing 
the functional unit in the neural circuitry.  
 
 
 
                                                                  2
 Neurite branching /arborization 
Individual neurons typically make multiple synaptic connections with their target 
cells. To achieve this, after navigating along specific trajectories, the axons often branch 
to innervate multiple target areas and arborize extensively to form numerous synapses 
within the target zones. Like axons, after being guided for proper orientation, dendrites 
also form complex branching patterns for receiving and integrating neural signals.  
In order to obtain proper neurite branching/arborization, it requires both target-
derived extrinsic factors and intrinsic factors. In the past decade, a number of target-
derived cues have been shown to regulate neurite branching/arborization (Acebes and 
Ferrus, 2000; Kalil et al., 2000; McAllister, 2000; Keith and Wilson, 2001). In particular, 
neurotrophins and axon guidance molecules are among them. Neurotrophin family 
proteins include NGF (nerve growth factor), BDNF (brain-derived neurotrophic factor), 
NT-3 (neurotrophin-3) and neurotrophin-4/5. In addition to serving as survival factors, 
they are also involved in the axon arborization within the target areas (Lentz et al., 1999; 
Lom and Cohen-Cory, 1999; Ulupinar et al., 2000; Yasuda et al., 1990; Horch and Katz, 
2002). For instance, in the culture study of adult mature neurons, NGF could potently 
promote neurite arborization (Yasuda et al., 1990). In the NGF deficient mice, NGF-
responsive axons failed to innervate their targets (Glebova and Ginty, 2004). For the 
dendrite branching, the locally released BDNF from dendrites executes direct effects on 
dendrites branching in neighboring neurons in a distance dependent manner (Horch and 
Katz, 2002). Therefore, target-derived neurotrophins could promote the target innervation 
by regulating the target invasion and proper patterning of terminal arborizations with the 
target areas. Besides neurotrophins, some guidance molecules, such as ephrins, slits, 
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 netrins and semaphorins can also affect the initiation and extension of collateral branches 
from the axon shaft (Acebes and Ferrus, 2000; Kalil et al., 2000; Keith and Wilson, 2001). 
For instance, ephrins and semaphorins could either promote or inhibit the axon branching 
depending on their targets. Ephrin-A5 immobilized on membranes was shown to promote 
the axon branching from layer 6 cortical neurons (Castellani et al., 1998), whereas 
ephrin-A5 in posterior tectum effectively blocked the branching along retinal ganglion 
cell axons (Sakurai et al., 2002). Likewise, Sema3A (Semaphorin-3A) diminishes the 
axon branching in cortical axons (Dent et al., 2004) but increases branching in retinal 
neurons (Campbell et al., 2001). Interestingly, exposure of cortical neurons to Slit1 (Slit 
homolog 1) stimulates dendritic growth and branching and addition of Robo-Fc fusion 
protein, which inhibits the interaction between Slit1 and its receptor, inhibits dendritic 
growth (Whitford et al., 2002). The difference in inhibition versus promotion in the 
neurite branching could be due to activation of different signaling pathways. All these 
signaling pathways finally converge on the Rho family of small GTPase and further 
regulate cytoskeleton organization in the filopodia, which either undergo increased actin 
polymerization and formation of microtubule loops or depolymerization of actin 
filaments and attenuation of microtubule dynamics (Luo, 2002; Dent et al., 2004; Guan 
and Rao, 2003). However, it remains to be determined whether a given guidance 
molecule uses different signaling mechanisms in different neurons to differentially 
regulate axon branching and axon guidance (Kornack and Giger, 2005).  
In addition to the extrinsic factors, the neurite branching/arborization is also 
regulated by intrinsic properties of the neuron. The intrinsic molecular machinery 
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 includes regulators of cytoskeletal elements, components of intracellular signaling 
transduction pathways, cell adhesion molecules and transcriptional regulators.  
Since actin and microtubule are essential structural components of neurite 
branches/arbors, different signaling pathways regulating axon branching/arborization 
must end up affecting actin and/or microtubule dynamics. Indeed, regulators of actin 
dynamics, including Rho family of small GTPases and some of the downstream effectors 
could effectively regulate the neurite branching/arborization (Luo, 2002). For instance, 
mutant analysis showed that Rac GTPase and its effector Pak are required for the axon 
branch formation (Ng et al., 2002). Expression of mutant forms of Dcdc42 (Drosophila 
cell division control protein 42 homolog) leads to supernumerary primary dendritic 
branches and fewer secondary branches (Gao et al., 1999). Meanwhile, regulators of 
microtubule stability also play important roles in the axon branching/arborization. For 
instance, in the MAP1B (microtubule associated protein 1B) mutant mice, axon 
branching is significantly promoted, suggesting its involvement in the axon branching 
(Bouquet et al., 2004). Shot/Kakapo, a cytoskeletal linker between actin and microtubules, 
plays an important role in dendritic branching (Prokop et al., 1998; Gao et al., 1999). In 
those mutants, dendritic branching of RP3 (embryonic motor neuron between muscles 6 
and 7) (Prokop et al., 1998) or DA (dendritic arborization) sensory neurons (Gao et al., 
1999) was greatly reduced. 
Components of various signaling pathways in regulating neurite 
branching/arborization have been identified. For instance, CaMKII (Ca2+/Calmodulin-
dependent protein kinase II) is required for netrin-1-induced axon branching in 
developing mouse cortical neurons (Tang and Kalil, 2005). In the superficial dorsal horn 
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 of mice lacking CaMKIIalpha autophosphorylation, the dendritic branching was 
significantly increased compared with wild type controls (Pattinson et al., 2006). FAK 
(focal adhesion kinase), a nonreceptor protein tyrosine kinase that is typically activated 
after the formation of integrin-dependent focal adhesion (Lipfert et al., 1992), is shown to 
suppress axon branching (Rico et al., 2004). In the developing rat hippocampal neurons, 
following Sema4D (Semaphorin-4D) treatment, the activation of receptor tyrosine 
kinases and Rho kinase was found to regulate dendritic branching (Vodrazka et al., 2009).  
Cell adhesion molecules (CAMs) not only regulate cell-cell or cell-extracellular 
matrix interaction, but also trigger the intracellular signaling cascades regulating neurite 
outgrowth, pathfinding, and branching (Kiryushko et al., 2004). There are three key 
CAMs in the vertebrate nervous system: N-cadherin and two Ig-CAMs, L1 and the 
neuronal cell adhesion molecule NCAM (Kiryushko et al., 2004). Functional block with 
specific antibody against L1 suggests that L1 exhibits inhibitory effect on axon branching, 
whereas NCAM and N-cadherin promote axon branching (Inoue and Sanes, 1997; 
Landmesser et al., 1988). Consistent with L1’s inhibitory role in axon branching, L1 was 
observed to be downregulated when the retinal ganglion cell elaborated their terminal 
axonal arbors (Lyckman et al., 2000). In Drosophila, some CAMs, such as Dscam and N-
cadherin were also found to regulate axon/dendrite branching/arborization (Wang et al., 
2002; Zhu and Luo, 2004; Zhu et al., 2006a). Whether a CAM inhibits or promotes axon 
branch/arbor formation probably depends on the relative strength of neurite-neurite 
versus neurite-substrate adhesive interactions (Landmesser et al., 1988). 
Recently, transcriptional regulators that seem to specifically regulate axon 
branching/arborization have been identified. For instance, mutation of an ETS (E-twenty 
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 six) transcription factor, ER81, results in selective loss of axon branches in 
proprioceptive sensory neurons innervating motor neurons in the ventral spinal cord 
(Arber et al., 2000). Similarly, loss of another closely related ETS protein, PEA3, causes 
the reduction of terminal arborization of specific motor neurons on muscle targets (Livet 
et al., 2002). In both cases, the initial axon growth and trajectories are intact, suggesting 
that these transcription factors control later developmental events without affecting the 
earlier cell fate decisions. In terms of transcriptional regulation on dendritic 
morphogenesis, a recent study has shown that Spineless (Ss), a bHLH PAS transcription 
factor, is required for the proper dendritic branching of all types of DA sensory neurons 
(Kim et al., 2006). Interestingly, depletion of Ss causes decreased dendritic branching in 
neurons with complex morphology whereas in neurons with simple dendrites it causes 
increment in branching, suggesting that the same transcription factor could execute 
opposite effects on dendritic branching depending on the cellular context. Another study 
suggests cell specific transcriptional regulation through expression level. The 
transcription factor Cut, has correlated its expression level with the dendritic branching 
complexity. Overexpression of Cut increases growth and branching dramatically in class 
I neurons that normally do not express Cut and to a lesser extent in class II neurons with 
low Cut expression (Grueber et al., 2003).  
In summary, despite the identification of numerous genes involved in the 
axon/dendrite branching and arborization, it is still only partially understood how 
axon/dendrite branching/arborization is differently regulated by different genes. In my 
thesis work, I mainly focused on one fascinating cell adhesion molecule and one zinc 
finger transcription factor: Dscam and Kr-h1.  
                                                                  7
 The Drosophila brain as a model system to study axon/dendrite morphogenesis 
To study the neuronal morphogenesis, especially axon/dendrite 
branching/arborization, the Drosophila brain can serve as the good model system because 
of the powerful genetic toolkits. First, GAL4/UAS binary expression permits the 
temporal and spatial control of gene induction (Brand and Perrimon, 1993). In this 
system, GAL4 transcriptional activator is under the control of endogenous tissue-specific 
enhancers. The transgene that is cloned downstream of a UAS (upstream activating 
sequences) could be induced in the same tissue-specific pattern as the GAL4 activator. 
Depending on the nature of UAS-transgene, there are three immediate applications in the 
Drosophila brain: 1) if the transgene is the reporter gene, such as GFP, RFP (red 
fluorescent protein), lacZ (beta-galactosidase) and etc, direct visualization of a particular 
group of neurons in the Drosophila brain could be achieved. Furthermore, numerous 
subtype-specific GAL4 drivers allow choices of model neurons in the neurite complexity 
studies; 2) if the transgenes are the RNA interference construct and reporter gene, direct 
examination of  a particular gene’s function in certain model neurons could be achieved 
in a very convenient way; 3) if the transgene is cDNA of a certain gene, it could be used 
to either evaluate the gain-of-function phenotype or rescue the mutant phenotype which 
could confirm that no other background mutation is accountable for the phenotype. 
However, the GAL4/UAS system alone has limited resolution especially when it comes 
to visualization of detailed neurite morphology.  
 The development of MARCM technique greatly facilitates the studies in neurite 
complexity (Figure1-1; Lee and Luo, 1999). In the MARCM system, the yeast GAL80, 
the suppressor of GAL4 transcription factor, was introduced into GAL4/UAS binary 
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 expression system into Drosophila. Thus the marker gene under the control of UAS 
promoter is suppressed in cells heterozygous for GAL80. However, following FLP 
(flippase recombination enzyme)/FRT (flippase recognition target)-mediated mitotic 
recombination, one of the daughter cells becomes GAL80-negative, thus allowing 
expression of marker gene specifically in this daughter cell and its progeny. If a mutation 
is located on the chromosome arm in trans to the chromosome arm containing the 
GAL80, the homozygous mutant cells will be uniquely labeled. Depending on the timing 
of mitotic recombination, one can generate either multicellular Nb clones or single-
cell/two-cell clones. Thus, by controlling the timing of heat shock-induced expression of 
FLPase, MARCM system allows us to uniquely label single cell or subcellullar lineage 
generated at specific developmental stages.  
 Finally, using the Drosophila brain and MARCM technique, we could perform 
the forward genetic mosaic screen to identify the novel genes essential for regulating 
neurite complexity. Actually, one of the genes studied in my thesis work, Dscam, was 
originally recovered in an early mushroom body MARCM screen (Wang et al., 2002). 
 In the Drosophila brain, since olfactory circuitry is well characterized, most of my 
thesis work used two model neurons in this circuitry: mushroom body (MB) neurons and  
projection neurons (PNs) (Figure 1-2). 
 The MB is the olfactory learning and memory center in the insect brain, 
functionally equivalent to olfactory cortex in the mammals (Heisenberg, 2003). The 
Drosophila MB is a paired neuropil structure, one in each hemisphere. Each MB consists 
of approximately 2,500 small neurons called Kenyon cells (Ito et al., 1997). The cell 
bodies are located in the dorsal and posterior cortex of the brain. Their dendrites form the 
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 ball-shaped protrusion called the calyx right below the cell body region. The dendrites 
mainly receive olfactory input from projection neurons (PNs) in the antennal lobe 
(Stocker et al., 1990) which is the counterpart of olfactory bulb in mammals.  
 Each MB derives from four indistinguishable Nbs. During development, each Nb 
undergoes asymmetric division and sequentially generates four distinct types of MB 
neurons: γ neurons, α´/β´ neurons, pioneer α/β neurons and α/β neurons (Lee et al., 1999; 
Zhu et al., 2003; Zhu et al., 2006b). Thus, four Nbs generate four equivalent clonal units 
in each MB (Ito et al., 1997; Ito and Hotta, 1992; Lee et al., 1999; Truman and Bate, 
1988). Systematic studies with MARCM system showed that four distinct types of MB 
neurons are born in a birth-order dependent manner (Lee et al., 1999; Zhu et al., 2003; 
Zhu et al., 2006b). γ neurons are born first, from late embryonic stage to 3.5 days after 
larval hatch (ALH), followed by α´/β´ neurons which are born between 3.5 days ALH 
and 4.5 ALH. Then pioneer α/β neurons are born between 4.5 days ALH and 5 days ALH, 
followed by α/β neurons afterwards. γ neurons exhibit different projection patterns in 
larval and adult stages. At larval stages, axons of γ neurons bifurcate to form dorsal and 
medial lobes. During metamorphosis, γ neurons undergo dramatic remodeling. Shortly 
after puparium formation, larval specific axons are pruned, followed by reextension of 
adult specific axons which project medially into the γ lobes with multiple axonal arbors 
(Armstrong et al., 1998; Lee et al., 1999). α´/β´ neurons, pioneer α/β neurons and α/β 
neurons, all of them have bifurcated axonal projection patterns and extend their axons 
into  α´/β´, pioneer α/β and α/β lobes, respectively. Therefore, distinct subtype of MB 
neurons can be easily distinguished by their projection patterns and birth order.  
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  For the projection neurons (PNs), dendrites of PNs and axons of ORNs form one-
to-one connection at the discreet unit called glomerulus. Further, PNs send axons to form 
connection with MB neurons and lateral horn neurons. In addition, there are three clusters 
of PNs: anterodorsal, lateral and ventral clusters (Figure 1-2; Jefferis et al., 2001).  
 
Dscam background information 
During the wiring of neural circuits, cell surface molecules on opposing neurites 
could bind to the same protein (homophilic binding) or to a different protein (heterophilic 
binding). Interestingly, for the homophilic binding on the opposing membranes, it could 
lead to either adhesion (Figure 1-3A) or repulsion (Figure 1-3B&C), depending on the 
homophilic interaction triggered intracellular signaling pathways. For example, 
homophilic adhesive interaction between recognition molecules on the opposing neurites 
can promote the growth of follower axons along the surface of pioneer axons, a process 
commonly called fasciculation (Figure 1-3A).  Various cell adhesion molecules including 
NCAM/Fasciclin II have been implicated in the fasciculation process (Van Vactor, 1998). 
In addition to the fasciculation, between the same class of neurons, their neurites tend to 
cover the complete yet non-overlapping synaptic domains. This process is called tiling 
(Figure 1-3B) and one of the simple mechanisms to promote tiling is through homophilic 
repulsion on the surface of neurites from the same class of neurons. Tiling ensures that 
the synaptic fields of neurons in the same class do not overlap with each other, thus 
restricting their connections to specific circuits. Further, even for a given neuron, the 
neurites recognize and repel from each other, thus promoting branching segregation and 
establishing uniform coverage field. This principle is called self avoidance (Figure 1-3C) 
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 and homophilic repulsion could also provide one simple model for such a wiring process. 
Self avoidance permits sister branches (processes from the same neuron) to spread over a 
large synaptic area, thus maximizing their connections with other neurons while 
simultaneously allowing other types of neurons to have overlapping fields.  
 To achieve the self avoidance between branches of the same neuron yet maintain 
the freedom of overlapping with branches of other neurons, each neuron must have the 
ability to distinguish self from non-self. Since self avoidance is a general principle for 
many different types of neurons, a diverse recognition system analogous to self 
recognition in the vertebrate immune system must exist. The insect Dscam, with huge 
molecular diversity, provides one of the effective mechanisms for numerous and distinct 
neurons in the CNS to achieve self versus non-self recognition. Indeed, the stochastic yet 
biased expression of subsets of Dscam isoforms in individual neurons provides each 
neurite with the unique Dscam repertoire (Zhan et al., 2004; Neves et al., 2004). Further, 
binding assays among Dscam isoforms revealed the strong homophilic interaction 
between the same Dscam variants (Wojtowicz et al., 2004; Wojtowicz et al., 2007). 
Thereby, for a given neuron, sister branches with the same Dscam combinations, through 
Dscam mediated homophilic repulsion, tend to avoid each other, allowing the efficient 
patterning of multiple sister processes (Matthews et al., 2007; Hughes et al., 2007; Soba 
et al., 2007). On the other hand, weak homophilic Dscam-Dscam interaction which 
occurs among analogous, but not identical Dscam isoforms may regulate the fasciculation 
of neurites among the same group of neurons (Zhan et al., 2004). Though distinct 
expression of Dscam in each neuron preclude its function in the tiling between the same 
class of neurons, Dscam2, another Dscam gene in the Drosophila, was found to be 
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 required for tiling of L1 neurons, a subset of neurons in the visual system (Millard et al., 
2007). Genetic studies in the mouse visual system further supported Dscam’s roles in 
both tiling and self avoidance (Fuerst et al., 2008). In addition, Dscam is also required for 
the axon guidance in Bolwig’s nerve (Schmucker et al., 2000)  and subsets of olfactory 
receptor neurons (Hummel et al., 2003) and recent study in chick retina suggested that 
Dscam could potentially promote adhesion between the dendrites of the retinal ganglion 
cells and the processes of interneurons (Yamagata et al., 2008). In addition, recent studies 
provided evidence that Dscam functions as the netrin receptor to mediate commissural 
axon pathfinding (Ly et al., 2008; Andrews et al., 2008; Liu et al., 2009). Interestingly, in 
the immune system Dscam is also required to mount immune response by heterophilic 
binding to pathogen molecules (Watson et al., 2005; Dong et al., 2006). In the following 
paragraphs, I will mainly focus on one of the central roles of Dscam in self avoidance.  
 
Genetic evidence for Dscam-mediated self avoidance 
Dscam’s crucial role as self avoidance was first demonstrated in the segregation 
of axonal branches in the MB (Wang et al., 2002). During development, axons traverse 
through the brain in a large axonal bundle called peduncle (Kurusu et al., 2002). At the 
bottom of the peduncle, each axon bifurcates into two sister branches. These two sister 
branches segregate to different pathways, one dorsally and the other medially, where they 
fasciculate and extend with other MB axon branches. Though Dscam mutant shows no 
defects in the axonal bifurcation, the sister branches often fail to segregate to different 
pathways but instead grow along the same trajectory (Figure 1-4A; Wang et al., 2002). 
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 Thus, Dscam is not required for the branch formation, but rather for the repulsion of 
sister branches to different pathways.  
 Interestingly, Dscam, as a self avoidance receptor, is widely required in other 
neurons of the central nervous system. Projection neurons (PN) relay the olfactory 
information from olfactory receptor neurons to MB neurons and lateral horn. First, loss of 
Dscam function in single PN leads to reduced dendritic fields or clumped neurite 
processes, suggesting that Dscam may be involved in mediating the neurite repulsion 
(Figure 1-4B; Zhu et al., 2006a). Similarly, ellipsoid body (EB) neurons, which may be 
involved in the locomotion behavior, also require Dscam for self avoidance of axonal 
branches (Wang et al., 2002). The EB is one of the four neuropils in the central complex 
and locates at the junction of the two brain lobes. For the single EB neuron, there are two 
subtypes according to the axonal arborization pattern: one subtype has the axons establish 
circular trajectories and the axons form repeated discrete arbors inward along the entire 
circle (Figure 1-4C-I) while the other subtype first has the axons project to the EB center 
before branching into multiple processes that radiate outward and end with non-
overlapping arborization around the EB (Figure 1-4C-II). In both subtypes, Dscam 
mutants fail to elaborate their axon projections within the EB despite the normal initial 
pathfinding (Figure 1-4C).   
 Dscam is not only required in the CNS but also plays crucial roles as self 
avoidance in the peripheral nervous system. During the late embryonic and larval stages, 
four classes of dendritic arborization (DA) neurons, class I-IV, elaborate dendritic fields 
in the two dimensional pattern within the body wall of the larva. Though dendrites of one 
class of DA neurons overlap with processes of other DA classes, the dendrites of the 
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 same neuron repel each other. In all four classes of DA neurons, loss of Dscam causes the 
dendrites to cross each other and sometimes form the fascicles, though the number and 
length of dendrites remain the same as for the control (Figure 1-4D; Matthews et al., 
2007; Hughes et al., 2007; Soba et al., 2007). 
 Consistent with loss-of-function evidence for Dscam mediated repulsion, Dscam 
gain-of-function studies also support its role in neurite self-avoidance. First, during 
embryogenesis, a subset of CNS interneurons extends axons across midline cells in both 
posterior and anterior commissures. However, when both interneurons and midline cells 
express the same transgenic Dscam isoform, the posterior commissure axons of 
interneurons fail to cross the midline cells, suggesting that Dscam mediated repulsion 
could occur between opposing cell surfaces (Figure 1-5B; Wojtowicz et al., 2004). 
Similarly, Dscam mediated repulsion could also be observed between dendrites of 
different neurons. During the late embryonic and larval stages, four classes of dendritic 
arborization (DA) neurons normally have part of their dendritic fields overlap with each 
other. However, when a single Dscam isoform is expressed in the DA neurons, dendritic 
recognition and avoidance could be observed which finally leads to non-overlapping 
dendritic fields between different classes (Figure 1-5C; Matthews et al., 2007; Hughes et 
al., 2007; Soba et al., 2007). In another case, the wild-type PN neurons, DA1 and VA1d, 
normally have their dendrites partially overlap with each other at the anterior surface of 
the antennal lobe. When a single Dscam isoform is ectopically expressed in both DA1 
and VA1d PNs, the dendrites of VA1d neurons are shifted more ventrally on the anterior 
surface and separated from DA1 dendrites by another glomerulus, further suggesting that 
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 homophilic binding of Dscam could trigger strong repulsion in vivo (Figure 1-5D; Zhu et 
al., 2006a). 
 
Stochastic expression of Dscam in individual neurons 
Since self-avoidance is a general principle for many types of neurons in the 
nervous system and Dscam mediates self-avoidance in many different types of neurons, 
one interesting question is how Dscam mediates the self avoidance within the same 
neuron while allowing the overlap of processes between different neurons. First of all, 
molecular diversity of insect Dscam gives the neurons the flexibility to choose which 
isoforms are expressed. Indeed, through alternative splicing Drosophila Dscam could 
potentially encode tens of thousands of isoforms and each Dscam isoform contains 
putative signal peptide, nine immunoglobulin (Ig) domains and four fibronectin type III 
(FNIII) domains in the extracellular portion,  a transmembrane domain and another Ig 
domain and two additional FNIII domains in the intracellular region (Figure 1-6). There 
are three variable extracellular Ig domains encoded by blocks of alternative exons: 12 
alternative exon 4s encode the first half of Ig2, 48 alternative exon 6s encode the first half 
of Ig3, and 33 alternative exon 9s encode Ig7. Meanwhile, there are two alternative 
Dscam transmembrane domains encoded by exon 17s and in the endodomain there are 
four alternative choices encoded by the presence or absence of either exon 19 or 23 
(Wang et al., 2004). Interestingly, the extensive alternative splicing of Dscam has also 
been found to occur in all the insect genomes for which the sequence information is 
available (Graveley et al., 2004; Crayton et al., 2006), and two crustacean genomes 
(Brites et al., 2008), suggesting that Dscam diversity is conserved throughout the 
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 Arthropod phylum. Further, phylogenetic analyses of Dscam among these species 
revealed that the variable exon clusters, in particular the exon 6 and 9 clusters, 
experienced numerous exon duplication and loss events and that for the recent exon 
duplication an intron and downstream exon were duplicated via staggered homologous 
recombination events (Lee et al., 2010).  
Comparative genomics further provide the clue about the mechanisms for the 
Dscam alternative splicing. For the entire exon 4 cluster, the comparative genomics 
among 11 Drosophila species reveal that an evolutionarily conserved RNA secondary 
structure, termed as Inclusion Stem (iStem), exists in the intron between exon 3 and exon 
4.1. Mutagenesis studies further suggest that iStem could govern the efficient inclusion of 
all 12 variable exon 4 alternatives (Kreahling et al., 2005). In the Dscam exon 6 cluster, 
comparative sequence analyses among 16 insect species reveal two classes of conserved 
elements-the docking site and the selector site (Figure 1-7; Graveley, 2005). The docking 
site is located in the intronic region between constant exon 5 and exon 6.1 and the 
selector sequence is found in the intronic region upstream of each exon 6 variant. Further, 
each selector sequence is complementary to part of the docking sequence and the pairing 
between docking sequence and selector sequence limits that the downstream exon 6 
alternatives would be chosen in the Dscam mRNA. To assure that only the most adjacent 
exon 6 variant is chosen, the repressor for all the remaining exon 6 alternatives must be 
present. Indeed, in Drosophila S2 cells, through a RNAi screen the heterogeneous 
nuclear ribonucleoprotein (hnRNP) hrp36 has been identified to be a repressor by binding 
to all of the exon 6 variants and the pairing between the selector sequence upstream of a 
specific exon and the docking site leads to de-repression of hrp36 on the immediate 
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 downstream exon while other exon 6 variants are still repressed from being spliced 
(Figure 1-7; Olson et al., 2007). In contrast, the mechanism for the alternative splicing of 
exon 9 remains unclear, as neither conserved sequences or specific splicing factors have 
been identified. Interestingly, for the two exon 17 alternatives, two independent pairs of 
conserved intronic sequence contribute to formation of two different pre-mRNA stem 
loops and the formation of these two competing pre-mRNA structures could elicit the 
mutually exclusive choice of exon 17 in the Dscam gene (Anastassiou et al., 2006).  
Consistent with the notion of stochastic pattern of Dscam alternative splicing, 
several lines of evidence further reveal the tissue/cell specific expression of Dscam 
repertoire. First, different tissues in the adult flies, for instance, antennae and heads show 
distinct expression profiles for the Dscam exon 4 variants (Celotto et al., 2001). RT-PCR 
analyses in a single cell among the same type of cells provide further evidence of cell 
specific Dscam repertoire (Zhan et al., 2004; Neves et al., 2004). In these studies, single 
cell expression analyses in S2 cells (a hemocyte-like cell type), photoreceptors and MB 
neurons reveal that each individual cell expresses different subset of Dscam repertoire in 
the range from 14 to 50 isoforms. Further, the stochastic splicing could be modulated by 
the developmental or cell specific manner when the specific positive or negative factors 
could enhance or repress the inclusion of certain exons.   
 
Biochemical and biophysical evidence for Dscam isoform binding specificity 
For the Ig domain-containing proteins, they could bind to the same protein 
(homophilic binding) or to a different protein (heterophilic binding). Given the diverse 
isoforms from Dscam alternative splicing, it raises an interesting question how the vast 
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 number of Dscam isoforms interacts with each other. A series of in vitro binding assays 
show that Dscam isoform binding mainly occurs in the N-terminal eight Ig domains and 
that Dscam isoforms display isoform-specific homophilic binding (Wojtowicz et al., 2004; 
Wojtowicz et al., 2007). Further, the in vitro binding assays among 95% (>18,000) of 
Dscam ectodomain isoforms show that even with two variable Ig domains identical, any 
difference in the 3rd variable Ig domain between two Dscam isoforms leads to weak or 
no binding, suggesting that three variable Ig domains only interact with their own (for 
example, Ig2 to Ig2, Ig3 to Ig3 and Ig7 to Ig7) to achieve binding specificity. 
This modular strategy leads to one interesting question how the self-binding is 
accomplished at each of the three variable Ig domains. Crystal structure analyses together 
with biochemical studies for the N-terminal of eight Ig domains of Dscam (termed as 
Dscam1-8) which includes all three variable Ig domains provide some insights to this 
question (Figure 1-8; Sawaya et al., 2008). First, in the Dscam1-8 dimers, the crystal 
structure reveals that each Dscam1-8 molecule forms an S shape configuration and 
consistent with previous Ig1-Ig4 segment study (Meijers et al., 2007), domains Ig1-Ig4 
form the horseshoe shape which positions themselves at the top half of the “S” whereas 
the domains Ig5-Ig8 locate at the bottom half of the “S”. Second, similar to anti-parallel 
pairwise matching in the Ig2-Ig2 and Ig3-Ig3, the Ig7 domains also interact with each 
other in an anti-parallel fashion. Conceivably, in the case of Ig2-Ig2 and Ig3-Ig3 contacts, 
when one does not match, given the composite Ig2-Ig2/Ig3-Ig3 interface, the non-
complementarity could extend strain to the other half of the interface even if it is 
complementary. Consequently, the binding between different Dscam isoforms could be 
uncoupled by communicating an asymmetric pairing between Ig2 and Ig3. In the case of 
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 Ig7-Ig7 contact, given Ig7 domain’s broader interface, a single residue mismatch along 
the strand between two Ig7 variants could cause a disruption in the anti-parallel pairing. 
All together, these biochemical and biophysical studies provide strong structural basis for 
the binding specificity between diverse Dscam isoforms. 
 
Requirement of Dscam molecular diversity in neural circuitry wiring 
Genetic rescue experiments in both MB neurons and DA neurons suggest that 
single Dscam isoforms could be sufficient to rescue the defects in Dscam null mutant of 
single MB neurons or DA neurons (Matthews et al., 2007; Hughes et al., 2007; Soba et 
al., 2007; Wang et al., 2004). Further, when a single MB neuron is engineered to express 
Dscamsingle in an otherwise wild type background, it revealed normal sister branch 
segregation (Hattori et al., 2007). However, given the huge number of neurons in the 
nervous system, one interesting question is how many Dscam isoforms are needed in a 
group of neurons to achieve self versus non-self recognition. In the MB neurons, when 
Dscam ectodomain diversity is reduced to single or to around 1000, the overall MB lobe 
is morphologically defective (Hattori et al., 2009). However, when the Dscam ectodmain 
diversity is reduced to around 5000 isoforms, the overall MB lobe remains 
morphologically comparable to the wild type animals (Wang et al., 2004; Hattori et al., 
2009). These results may suggest that in the MB neurons, thousands of Dscam isoforms 
are required for MB neurons to achieve self versus non-self recognition. Similarly, in the 
different classes of DA neurons, mutants with less than 1000 Dscam ectodomain variants 
displayed significantly fewer overlaps between dendrites of different neurons than wild 
type animals whereas mutant animals with around 5000 Dscam isoforms had overlaps 
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 which were indistinguishable with wild type controls, suggesting that thousands of 
Dscam isoforms are necessary for each DA neuron to discriminate self versus non self 
(Hattori et al., 2009).  
 
Studying Drosophila Dscam isoform specific functions in axon versus dendrite 
morphogenesis with microRNA based RNA interference approach 
 Based on the previous study, two Dscam transmembrane variants displayed 
different subcellullar localizations: Dscam[TM1] was enriched in the dendrites whereas 
Dscam[TM2] primarily accumulated in the axons (Wang et al., 2004). This different 
protein targeting raised an interesting question whether Dscam[TM1] and Dscam[TM2] 
governed the dendritic and axonal morphogenesis respectively. As the first attempt, I 
used the imprecise P element excision approach to delete one of the exon 17s to address 
the functions of Dscam transmembrane variants. However, this approach turned out 
problematic since in both deletion lines there were abnormal transcripts produced, 
complicating the phenotypic analysis of both mutants (unpublished data, Shi et al.). 
Alternatively, in chapter II, a microRNA based RNA intereference approach was used to 
knock down Dscam[TM1] and Dscam[TM2] respectively. Those engineered miRNA 
constructs only involved 22 contiguous nucleotides target in the small alternative exon, 
making it highly feasible to silence expression of specific subsets of Dscam transcripts. 
The genetic analysis revealed that Dscam[TM1] and Dscam[TM2] regulate dendritic 
elaboration and axonal arborization, respectively. Exchange in the cytoplasmic 
juxtamembrane portions between exon17.1 and exon17.2 reversed not only their 
polarized distribution patterns but also their distinct functions. Together, these results 
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 suggest that functional differences between Dscam[TM1] and Dscam[TM2] are likely 
due to their cytoplasmic domain mediated different protein targeting.  
 
Studying whether there is different Dscam usage between axons and dendrites that 
may affect different complexity between axons and dendrites of the same neuron 
 Following the previous study, one puzzle was why the organisms needed two 
Dscam transmembrane variants to regulate the axonal versus dendritic morphogenesis. 
One possibility was there could be different Dscam usage between axons and dendrites 
that might lead to different morphological complexity between axons and dendrites in the 
same neuron. To address this, in chapter III, I used end-in gene targeting approach to 
create “exon 17 swap” alleles. The data suggested that the cytoplasmic swap allele 
DscamhybridTM led to the exchange of Dscam populations from dendrites to axons. Further, 
the genetic analysis revealed that depending on the neuronal types, DscamhybridTM 
disrupted either axonal or dendritic morphogenesis. Together, these data suggested that in 
some neuronal types, Dscam usage between axons and dendrites might be different and 
that after Dscam usage exchange between axons and dendrites, the resultant defects in 
axonal or dendritic morphology could be caused by different Dscam homophilic strength 
in that subcellular compartment.  
 
Studying Dscam ectodomain variants in the neuronal morphogenesis of several 
model neurons 
The molecular diversity of Drosophila Dscam is mainly derived from the 
ectodomain variants, generated from alternative splicing of exon 4, 6 and 9. To address 
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 the function of Dscam ectodomain variants in the neuronal morphogenesis, in chapter IV, 
12 Dscam exon 4 variants were divided into 3 groups based on the phylogenetic distance. 
Furthermore, 3 microRNA based RNA interference constructs were engineered to knock 
down each of the 3 groups respectively. Phenotypic analysis indicated that different types 
of neurons might have different requirement for Dscam exon 4 variants. Furthermore, 
close match of Dscam ectodomain variants between neurons and their neighboring cells 
might be required to modulate the proper neuronal morphogenesis. Together, this study 
provided in vivo evidence for different requirement of Dscam ectodomain variants in 
different model neurons and laid the foundation to further elucidate how distinct neurons 
acquire different morphological features during development.  
 
Studying Kr-h1’s functions in the Drosophila neurite branching
Interestingly, increased neurite branching and growth accompanies the transition 
in the honey bee workers from nursing to foraging. Foragers perform more complex 
behaviors than nurses, requiring flight, orientation, navigation, and landmark memory 
and their brains undergo more dramatic increases in the volume of their mushroom 
bodies (Farris et al., 2001). Further, these increased neurite branching and growth occurs 
before the honey bee’s transition to foraging behavior and continues after they gain the 
foraging experience (Fahrbach et al., 1998; Farris et al., 2001; Ismail et al., 2006). 
Microarray analysis of gene expression profiles in these differently behaving honey bees 
identified around 3,000 genes that are significantly different (Whitfield et al., 2003). One 
of the interesting genes, Kr-h1 has been shown to be differently regulated in the MB 
region of the honey bee brain. These findings led us to hypothesize if altered expression 
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 of Kr-h1 could affect the neurite complexity in the brain. However, this hypothesis could 
not be tested directly in the honey bee brains. So in chapter V, another of my thesis 
questions was trying to address how Kr-h1 affected the neurite complexity in the 
Drosophila brain. With MARCM technique and Amira program, it was observed that 
increased expression of Kr-h1 led to reduced branching in individual neurons whereas 
loss of Kr-h1 minimally affected the neuronal morphology. Further, loss of endogenous 
KR-H1 only enhanced neuronal morphogenesis that was delayed due to defective TGF-
beta signaling. Finally, kr-h1 expression is closely coordinated with ecdysone dependent 
pathways.  Together, although KR-H1 might potentially regulate the neuronal 
morphogenesis, the data suggested that it was primarily involved in coordinating the 
ecdysone pathway. 
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Figure 1-1. Schematic diagram of MARCM.  
(A) The principle of the MARCM system. Heat shock-inducible FLP recombinase 
mediates the FRT-site specific mitotic recombination, which results in the loss of the 
repressor tubP-GAL80 in one of the daughter cells. Thus, the marker transgene UAS-
reporter will be turned on by GAL4. If the mother cell is heterozygous for a mutant gene 
(X) which is on the chromosome arm in trans to the one with repressor tubP-GAL80, the 
daughter cell homozygous for the mutant gene will be positively labeled by the reporter 
gene. (B) MARCM system can generate two different types of marked clones. A typical 
neuroblast (Nb) generates a new Nb and a ganglion mother cell (G) via asymmetric 
division, and each ganglion mother cell divides one more to generate two postmitotic 
neurons (N). If the repressor gene GAL80 is lost in the regenerated Nb, all the 
postmitotic neurons generated in the same lineage will be marked. In contrast, if GAL80 
is lost in the one of the postmitotic neurons, single cell clones will be generated (adapted 
from Lee and Luo, 1999). 
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 Figure 1-2. Drosophila olfactory circuitry and brain structure in the adult fly  
(A) Drosophila adult brain revealed by anti-Nc82 (anti-Bruchpilot) (Courtesy of Takeshi 
Awasaki).  The brain region with dashed rectangle box was further revealed in the 
cartoon (B). (B) Cartoon of the Drosophila olfactory circuitry (left hemisphere) and brain 
structure (right hemisphere). The olfactory circuitry includes the olfactory receptor 
neurons (red), projection neurons (orange and blue) and mushroom body neurons (purple) 
and others. The anatomical naming of the brain structure is based on the paper from 
Otsuna and Ito (2006). Abbreviations: MBN, mushroom body neuron; adPN, 
anterodorsal projection neuron; lPN, lateral projection neuron; vPN, ventral projection 
neuron; ORN, olfactory receptor neuron; SOG, sub-oesophageal ganglion; de, 
deutocerebrum; AL, antennal lobe; GC, great commissure; vlpr, ventral lateral 
protocerebrum; LH, lateral horn.  
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Figure 1-3. Homophilic interactions between cell surface molecules on the opposing 
membranes mediate the diverse neural wiring processes.  
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Figure 1-4. Dscam regulates self avoidance of diverse neurons.  
Loss of Dscam in all the neurons above leads to lack of repulsion between sister neurite 
processes. Mushroom body (MB) neurons (A) (Wang et al., 2002), projection neurons 
(PN) (B) (Zhu et al., 2006a), ellipsoid body (EB) neurons (C) (Wang et al., 2002) and 
dendritic arborization (DA) neurons (D) (Matthews et al., 2007; Hughes et al., 2007; 
Soba et al., 2007).  
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Figure 1-5. Homophilic Dscam-Dscam binding results in repulsion of neurites. 
Neurites of embryonic neurons (B) (Wojtowicz et al., 2004), dendritic arborization (DA) 
neurons (C) (Matthews et al., 2007; Hughes et al., 2007; Soba et al., 2007) and PNs (D) 
(Zhu et al., 2006a). 
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Figure 1-6. Tens of thousands of Dscam isoforms are generated through alternative 
splicing on multiple exons (exons 4, 6, 9 and 17).  
The alternative splicing exons lead to variable regions on Ig2, Ig3, Ig7 and 
transmembrane domains of Dscam isoforms (Schmucker et al., 2000). Additional variants 
in the Dscam cytoplasmic domain, are generated through skipping of exon 19 and/or 23 
(Wang et al., 2004). 
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Figure 1-7. Model for the mechanism of mutually exclusive alternative splicing in 
exon 6.  
Only three consecutive exons in exon 6 cluster are shown (a can be 1-46). The splicing 
suppressor normally prevents the splicing events. However, when a selector binds to the 
docking site, the splicing repressor is dissociated from one of the exon 6 alternatives, 
allowing the mutually exclusive splicing (Graveley, 2005; Olson et al., 2007).  
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Figure 1-8. Structural basis for Dscam-Dscam homophilic interaction.  
The Dscam1-8 crystal structure shows a dimer of two S-shaped Dscam monomers with 
direct opposing contact between Ig2, Ig3 and Ig7 variable domains.  Electron 
micrographs on Dscam1-8 further show that, though the first four Ig domains constitute a 
compact horseshoe structure, the remaining four Ig domains are relatively flexible 
(Meijers et al., 2007; Sawaya et al., 2008). 
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Chapter II 
 
 
Distinct functions of Drosophila Dscam transmembrane variants in 
dendritic elaboration versus axonal arborization 
The following work was published in Journal of Neuroscience: 
Shi L, Yu HH, Yang JS, Lee T. J Neurosci. 2007 Jun 20; 27(25):6723-8.
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 Summary 
The numerous distinct isoforms of insect Down syndrome cell adhesion molecule 
(Dscam) are derived from two alternative transmembrane/juxtamembrane domains (TMs) 
in addition to thousands of ectodomain variants. Based on a microRNA-based RNA 
interference approach, we successfully achieved selective knockdown of Drosophila 
Dscams containing either exon 17.1 (TM1) or exon 17.2 (TM2). Depletion of TM1-
containing Dscams significantly reduced Dscam expression but with minimal effects on 
the post-embryonic axonal morphogenesis. In contrast, for Dcams with TM2, removal of 
them alone almost left the Dscam expression unchanged but potently inhibited various 
Dscam-dependent axonal morphogenesis. Further knockdown of Dscam[TM1] 
effectively enhanced the Dscam[TM2]-deficient axonal defects. However, Dscam[TM1] 
mainly functions in the dendritic morphogenesis, as supported by the observations that 
silencing the Dscam[TM1] alone impaired the dendritic elaboration in the antennal lobe 
and that Dscam mutant dendritic defects were only effectively rescued by Dscam[TM1], 
but not by Dscam[TM2]. Interestingly, the TM-dependent Dscam functions can be 
further ascribed to the cytoplasmic juxtamembrane regions of the TMs that may regulate 
the dendritic versus axonal targeting of Dscam as well. These results indicate that the 
differential roles of Dscam in dendritic and axonal morphogenesis are controlled through 
differential protein targeting. Having two such specialized TMs makes it possible to 
independently control the dendritic and axonal Dscam composition within a single 
neuron.  
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 Introduction 
Through alternative splicing, the Drosophila Dscam gene has the potential for 
encoding thousands of distinct immunoglobulin/fibronectin-type cell adhesion molecules 
and these numerous Dscam isoforms mainly differ in their extracellular domains 
connected to one of the two well-conserved transmembrane/juxtamembrane segments 
(TMs) (Schmucker et al., 2000). The differences in the ectodomain could be ascribed to 
three variable immunoglobulin domains encoded by exon 4, 6 and 9 respectively and 
further any small amino acid sequence changes within either one of these three Ig 
domains could dramatically affect the inter-Dscam affinity binding in vitro ((Wojtowitz 
et al., 2004; Wojtowitz et al., 2007). However, transgenic studies with distinct TMs 
suggest that distinct TMs might target Dscams to different subcellular compartments 
(Wang et al., 2004; Zhan et al., 2004). With its huge diverse repertoire of homophilic cell 
adhesion molecules in the nervous system, Dscam might potentially contribute to precise 
wiring of various neural circuits in the complex nervous system.  
 In Drosophila, Dscam broadly regulates the neuronal morphogenesis, especially 
the neurite bifurcation/arborization. Interestingly, Dscam’s function in the neurite 
bifurcation/arborization seems to be conserved in mammals as well (Fuerst et al., 2008). 
In the single cell analysis of different model neurons, Dscam null mutants showed defects 
in the neurite trajectories where the bifurcation occurs (Wang et al., 2002; Chen et al., 
2006; Zhu et al., 2006a). In some cases, the loss of Dscam caused the neurites to form 
clumps of possibly numerous short branches at the ends, leading to the truncation of 
neurites at the first bifurcation point. The distinct phenotype might be caused by 
excessive bifurcation of mutant growth cones, since others that could fully extend their 
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 neurites exhibited the evidence for the additional bifurcation branches at the normal 
bifurcation points (Wang et al., 2002). Furthermore, individual growth cone at the points 
of ramification might require Dscam for proper guidance with respect to their sister 
growth cones. It seems that Dscam regulates the neurite arborization by preventing the 
co-migration of sister growth cones, thus limiting the number of sister growth cones from 
excessive number (Wang et al., 2002). Further, stochastic yet biased expression of 
distinct Dscam ectodomains (Nerves et al., 2004) would allow the self-recognition of 
sister neurites in such “like-kill-like” morphogenesis. Consistent with this notion, most 
Dscam ectodomain exon alternatives are not conserved across the insect species, 
suggesting that diversity of Dscam isoforms is more important than the identity of 
individual Dscam variants (Graveley et al., 2004).  
 Different from their ectodomain exon alternatives, the two alternative exons that 
encode the transmembrane/juxtamembrane domain (TM) of Dscam are well conserved 
across the insect species, suggesting that these two Dscam variants might have distinct 
functions (Graveley et al., 2004). Indeed, transgenic studies showed that exon 17.1 could 
preferentially target ectopic Dscam to the dendrites while exon 17.2 restricted Dscam 
expression in the axons (Wang et al., 2004). To explore the functional roles of 
Dscam[TM1] or Dscam[TM2], we earlier created the Dscams lacking either exon 17.1 or 
exon 17.2. Removal of either exon 17, from the genomic sequences, as predicted from a 
recent study on Dscam TM alternative splicing (Anastassiou et al., 2006), led to 
generation of transcripts without either of exon 17s in many Dscam transcripts 
(unpublished data). There could be other problems for manipulating the genomic Dscam 
(see Discussion). We, thus, chose a microRNA (miRNA)-based RNAi technology (Chen 
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 et al., 2007) for specifically knocking down exon 17.1 or 17.2 containing Dscam 
transcripts. Phenotypic analysis revealed that endogenous Dscam[TM1] and Dscam[TM2] 
primarily functioned to regulate the dendritic elaboration and axonal arborization, 
respectively. In addition, structural analysis revealed that the cytoplasmic juxtamembrane 
regions of the TMs could govern the Dscam localization as well as its differential roles in 
dendrites versus axons. Given the distinct morphological patterns of dendrites versus 
axons, differential targeting of Dscam[TM1] and Dscam[TM2] may help govern such 
differential morphogenesis of neurites by localizing different amounts and/or subtypes of 
Dscam to different growth cones.  
 
Materials and Methods 
Transgenes 
Standard molecular biological techniques were used to generate UAS-17.1 miRNA, 
UAS-17.2 miRNA, and UAS-18 miRNA, which encode microRNAs carrying unique 
Dscam sequences derived from exon 17.1, exon 17.2 and exon 18, respectively. The 
complete nucleotide sequences of the microRNA constructs are shown in the following 
texts with underlined sequences as the specific targets. In addition, the two UAS-Dscams 
with chimeric TMs were constructed by swapping the cytoplasmic juxtamembrane 
segment of TM1 (amino acid 1642-1649) with the cytoplasmic juxtamembrane segment 
of TM2 (amino acid 1648-1664) through the introduction of an AccI site between the 
transmembrane and cytoplasmic juxtamembrane regions. 
Exon17.1 target 1: 
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 GAATTCCGCCAGATCTTTTAAAGTCCACAACTCATCAAGGAAAATGAA
AGTCAAAGTTGGCAGCTTACTTAAACTTAATCACAGCCTTTAATGTCG
AGGACACGATCCGCATTATCTAAGTTAATATACCATATCTAGATAATG
CGGATCGTGTCCTCGGTACCTAAAGTGCCTAACATCATTATTTAATTTT
TTTTTTTTTTGGCACACGAATAACCATGCCGTTTTGGATCCGTGCGGCC
GC 
Exon 17.1 target 2:  
GAATTCCGCCAGATCTTTTAAAGTCCACAACTCATCAAGGAAAATGAA
AGTCAAAGTTGGCAGCTTACTTAAACTTAATCACAGCCTTTAATGTCG
ATAATTGTTATTTGTATACTTAAGTTAATATACCATATCTAAGTATACA
AATAACAATTATCGGTACCTAAAGTGCCTAACATCATTATTTAATTTTT
TTTTTTTTTGGCACACGAATAACCATGCCGTTTTGGATCCGTGCGGCCG
C 
Exon 17.2 target 1: 
GAATTCCGCCAGATCTTTTAAAGTCCACAACTCATCAAGGAAAATGAA
AGTCAAAGTTGGCAGCTTACTTAAACTTAATCACAGCCTTTAATGTCA
ACTTCATGGTGCCCCTAATTTAAGTTAATATACCATATCTAAATTAGGG
GCACCATGAAGTTGGTACCTAAAGTGCCTAACATCATTATTTAATTTTT
TTTTTTTTTGGCACACGAATAACCATGCCGTTTTGGATCCGTGCGGCCG
C 
Exon 17.2 target 2: 
GAATTCCGCCAGATCTTTTAAAGTCCACAACTCATCAAGGAAAATGAA
AGTCAAAGTTGGCAGCTTACTTAAACTTAATCACAGCCTTTAATGTGA
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 CATGCGCGGCGGCCAAAAGGTAAGTTAATATACCATATCTACCTTTTG
GCCGCCGCGCATGTCGTACCTAAAGTGCCTAACATCATTATTTAATTTT
TTTTTTTTTTGGCACACGAATAACCATGCCGTTTTGGATCCGTGCGGCC
GC 
Exon 18 target 1: 
GAATTCCGCCAGATCTTTTAAAGTCCACAACTCATCAAGGAAAATGAA
AGTCAAAGTTGGCAGCTTACTTAAACTTAATCACAGCCTTTAATGTGC
GGGATGAGCTCGGATACATCTAAGTTAATATACCATATCTAGATGTAT
CCGAGCTCATCCCGCGTACCTAAAGTGCCTAACATCATTATTTAATTTT
TTTTTTTTTTGGCACACGAATAACCATGCCGTTTTGGATCCGTGCGGCC
GC 
Exon 18 target 2:  
GAATTCCGCCAGATCTTTTAAAGTCCACAACTCATCAAGGAAAATGAA
AGTCAAAGTTGGCAGCTTACTTAAACTTAATCACAGCCTTTAATGTAA
TACCTGTGACCGGATTAAGCTAAGTTAATATACCATATCTAGCTTAAT
CCGGTCACAGGTATTGTACCTAAAGTGCCTAACATCATTATTTAATTTT
TTTTTTTTTTGGCACACGAATAACCATGCCGTTTTGGATCCGTGCGGCC
GC 
To generate Dscam genomic transgene 2RS and 2RM, BAC clone P[acman] 
(BACR26B18) was ordered from P[acman] resources (Venken et al., 2006). First, site 
specific mutagenesis was performed in the exon 17.2 region using the GeneTailor™ site 
directed mutagenesis system (Invitrogen) and the modified exon 17.2 sequence was: 
CTGAATTTTATGGTCCCGTTGATC  and  GATATGAGGGGGGGGCAGAAA(the 
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 underlined nucleotides were changed in a way that the encoded amino acid sequences 
remain the same). The BAC clone contained all the Dscam genomic sequence and was 
modified in two regions: exon 4 regions and exon 17.2. Recombineering techniques were 
used to modify these two regions in the SW102 bacterial strains (Warming et al., 2005). 
For the 2RS Dscam transgene, intron sequence between exon 4.3 and exon 4.4 was used 
to connect exon 4.3 and exon 4.10; for 2RM Dscam transgene, intron sequence between 
exon 3 and exon 4.1 was used to connect exon 3 and exon 4.4 and intron sequence 
between exon 4.12 and exon 5 was used to connect exon 4.9 and exon 5. The final Dscam 
transgenes 2RM and 2RS were inserted into VK5 site by phiC31-mediated integration 
system with technical support from Genetic Services. 
 
Flies 
Transgenic flies carrying various UAS-miRNA and UAS-Dscam with chimeric TM 
were obtained by P element-mediated germ line transformation with technical support 
from Genetic Services. Other fly strains used in this study include (1) GAL4-201Y, (2) 
GAL4-OK107, (3) GAL4-C155, (4) asense-GAL4, (5) GAL4-EB1, (6) UAS-mCD8::GFP, 
(7) hs-FLP; UAS>rCD2>mCD8::GFP, (8) UAS-Dscam[3.36.25.1]::GFP, (9) UAS-
Dscam[3.36.25.2]::GFP, (10) FRT[G13], UAS-mCD8, GAL4-GH146, and (11) hs-FLP; 
FRT[G13], tubP-GAL80. 
 
Tissue-specific induction of RNAi and phenotypic analysis by immunohistochemistry 
Targeted induction of UAS-miRNA involved use of various tissue-specific GAL4 
drivers; and their phenotypic analysis mainly involved co-expression of various UAS-
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 reporter genes. Both flip-out-marked clones of ellipsoid body (EB) neurons and 
MARCM-labeled clones of projection neurons (PNs) were induced at the newly hatched 
larvae by heat shock for 40 min at 370C. Whole fly brain were prepared for 
immunostaining as described previously (Lee et al., 1999). Detection of endogenous 
Dscam proteins involved a mouse monoclonal antibody that was raised against the 
peptide ATLDKRRPDLRDELG. The peptide was encoded by Dscam common exon 18. 
The anti-Dscam mAb, 1D4, and anti-mCD8 mAb were used at 1:20, 1:50, and 1:100, 
respectively. Fluorescence signals were captured with confocal microscopy and 
processed with Adobe Photoshop.  
 
Results 
Specificity of UAS-17.1 miRNA and UAS-17.2 miRNA and their high efficacy to knock 
down endogenous Dscam protein 
Depending on the choice of TMs, Dscam transgenes could be enriched in either 
dendrites or axons (Wang et al., 2004) and consistent with these differential localizations, 
these Dscams could effectively regulate different aspects of neuronal morphogenesis 
(Wang et al., 2004; Zhan et al., 2004). To further correlate the potential distinct functions 
of endogenous Dscam with TM1 or TM2 with their potentially differential localization, 
first we examined the possibility of selective knockdown of endogenous Dscam[TM1] or 
Dscam[TM2]. To this end, we used a novel microRNA (miRNA) based RNA 
interference technology (Chen et al., 2007) to silence Dscam[TM1] or Dscam[TM2] by 
selecting the targets against 17.1 or 17.2, respectively.  In this approach, each miRNA 
only recognizes 22 contiguous nucleotides target and this small length of target makes it 
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 possible to knock down distinct subsets of Dscam transcripts based on the different, but 
often small exon alternatives. In this study, we constructed three UAS-miRNA transgenes, 
UAS-17.1 miRNA, UAS-17.2 miRNA and UAS-18 miRNA, to specifically target the 
Dscam exon 17.1, exon 17.2 and exon 18 ( a common Dscam exon ), respectively. For 
each UAS-miRNA construct, we selected the most effective transgenic line from multiple 
independent transformants by analyzing their abilities to antagonize the GAL4-dependent 
co-induction of UAS-Dscam::GFP. We depended on the transgenic Dscam::GFP because 
it was difficult to directly visualize endogenous Dscam[TM1] versus Dscam[TM2] with 
TM specific antibodies. When transgenic miRNA was co-induced with Dscam::GFP that 
carries the miRNA target sequences, we observed a reliably significant reduction in the 
level of Dscam::GFP expression (Figure S2-1C&F). In contrast, even with the most 
effective transgenic lines, UAS-17.1 miRNA and UAS-17.2 miRNA showed the minimal 
effects on the alternative isoform (Figure S2-1D&E). Thereby, these observations rule 
out the possibility of cross reactivity, and meantime dismiss the explanation that 
suppression of Dscam transgene might derive from the presence of multiple UAS 
transgenes. All these results provided the strong feasibility for us to achieve the TM 
specific knockdown of Dscam isoforms with transgenic miRNA.  
 After validating the specificity of these miRNA transgenes, we next wanted to 
determine how endogenous Dscam proteins could be affected by inducing various 
Dscam-targeted miRNAs. In the developing Drosophila central nervous system (CNS), 
we could detect abundant Dscam proteins in the larval neuropils structure by 
immunostaining with a peptide antibody against some Dscam common motif(s) (Wang et 
al., 2004) (Figure 2-1A). In the pan-neuronal induction of various miRNA transgenes we 
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 observed that Dscam immunoreactivity was differentially abolished. First, we observed 
that induction of UAS-18 miRNA (Figure 2-1B) or co-induction of UAS-17.1 miRNA and 
UAS-17.2 miRNA (Figure 2-1C) led to no detectable Dscam immunoreactivity, which 
suggested the potent effects of these miRNAs to silence the endogenous Dscams. 
Encouraged by this observation, we then separately induced either UAS-17.1 miRNA or 
UAS-17.2 miRNA, even in multiple copies and observed that the overall expression 
pattern remained unchanged (Figure 2-1D&E). Thereby, it is likely that spatial or 
temporal patterns of endogenous Dscam[TM1] or Dscam[TM2] could be revealed by 
depleting Dscam[TM2] versus Dsam[TM1]. Indeed, close scrutiny showed that 
Dscam[TM1] was expressed more abundantly than Dscam[TM2] in the larval CNS, 
especially within the abdominal ganglion (compare Figure 2-1D with Figure 2-1E). 
Taken together, these observations demonstrate the feasibility of knocking down 
endogenous Dscam[TM1] versus Dscam[TM2] by usage of UAS-17.1 miRNA or UAS-
17.2 miRNA. Further, UAS-18 miRNA alone and UAS-17.1 miRNA plus UAS-17.2 miRNA 
should both allow us to reproduce most known Dscam “null” phenotypes by using 
various GAL4 drivers.  
 
Requirement of Dscam[TM2] in the axon arborization of various neuron types 
To examine how Dscam[TM1] versus Dscam[TM2] differentially affects Dscam-
dependent axonal morphogenesis, we first explored how induction of specific miRNAs 
affects the mushroom  body (MB) axonal morphogenesis. With GAL4-OK107, transgenic 
miRNA was induced through MB neurogenesis and morphogenesis. We were particularly 
interested in their effects on the α and β lobes, since they are normally derived from 
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 Dscam-dependent axon bifurcation and furthermore the α/β axon lobes could be easily 
identified by their strong immunoreactivity with 1D4 monoclonal antibody (Wang et al., 
2002). Interestingly, depletion of all Dscam isoforms in the MB neurons after induction 
of UAS-18 miRNA disrupted the α/β lobes’ formation which is characteristic of Dscam 
mutant MB neurons (Figure 2-2; Wang et al., 2002). Further, GAL4-OK107-dependent 
induction of UAS-17.2 miRNA, but not UAS-17.1 miRNA, also potently impaired the α/β 
lobes’ morphology (Figure 2-2). Close inspection revealed that the α/β lobes were often 
misshapen and differently truncated (Figure 2-2B-E) which phenocopied the Dscam 
mutant MB neurons (Wang et al., 2002). These observations suggest that Dscam[TM2], 
but not Dscam[TM1] is involved in the MB axonal morphogenesis. To further quantify 
the defects of MB lobes, we characterized them based on the presence or absence of any 
α/β lobe residue and its degree of extension: in “severe” case, no α/β neurite could extend 
beyond the peduncle terminus; for “strong” category, no neurite could reach the tips of 
α/β lobes; for “medium” type, only small subsets of α/β neurites could fully extend; for 
“weak” condition, grossly intact lobes could not segregate. Quantitative analysis of the 
various axonal lobe defects (n>100, each) revealed that UAS-17.2 miRNA alone did not 
cause the same degree of defect as UAS-18 miRNA (Figure 2-2I; 5.0 ±2.0% versus 52.7± 
4.5% for the severe phenotype). This could be due to the possibility that endogenous 
Dscam[TM1] could partially compensate for the loss of Dscam[TM2] for the Dscam-
mediated MB axonal bifurcation since doubling the copies of UAS-17.2 miRNA failed to 
enhance the axonal defects (8.7±2.5%) but induction of both UAS-17.1 miRNA and UAS-
17.2 miRNA fully recapitulated the 18 miRNA-derived null phenotypes (59.0±6.0%) 
(Figure 2-2I). Taken together, the observations provide direct evidence for differential 
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 involvement of Dscam[TM1] versus Dscam[TM2] in supporting the axonal 
morphogenesis.  
 For the MB axons, preferential usage of exon 17.2 over exon 17.1 might explain 
why Dscam[TM2] plays a more important role in these developmental processes. To 
address this possibility, we used transgenic Dscam[TM1] or Dscam[TM2] to rescue the 
18 miRNA-derived null phenotypes. In this rescue experiment, transgenic Dscam[TM1] 
and Dscam[TM2] share the same ectodomain and endodomain and differ only in TM 
domains. Further, these two transgenes have comparable expression level before 18 
miRNA induction or after 18 miRNA induction (Wang et al., 2004; data not shown). 
Based on these criteria, we reasoned that these two transgenes could antagonize silencing 
of endogenous Dscam by 18 miRNA in a comparable manner and that any difference in 
the rescue abilities of these two transgenes could reflect the functional difference of TM1 
versus TM2. With these transgenic lines, we achieved significantly better rescue 
following the co-induction of UAS-18 miRNA with UAS-Dscam[exon 17.2]::GFP than 
with UAS-Dscam[exon 17.1]::GFP (Figure 2-2I) (38.0 ±1.8 vs 6.9 ±0.4% for the weak 
plus normal phenotypes). This observation rules out the possibility of preferential usage 
and instead supports the notion that Dscam[TM2] and Dscam[TM1], which differ only in 
the TMs, are functionally distinct. Further, two genomic Dscam transgenes 2RS and 2RM 
(Figure S2-3A), which include the endogenous Dscam promoter, half of exon 4 
alternative choices and silent mutations in exon 17.2 resistent to 17.2 miRNA, were used 
to confirm the requirement of Dscam[TM2] in axonal morphogenesis. First, after pan-
neuronal co-induction of 17.1 miRNA and 17.2 miRNA, there was no Dscam 
immunoreactivity (Figure S2-3C) whereas organisms with 2RS and 2RM Dscam 
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 transgenes in this background revealed the Dscam expression (Figure S2-3D&E), 
verifying that resistance of these two transgenes to 17.2 miRNA mediated knockdown. 
Further, while pan-neuronal induction of 17.2 miRNA led to 100% MB lobe defects, 
presence of 2RS or 2RM Dscam transgene in pan-neuronal induction of 17.2 miRNA 
genetic background significantly rescued the MB lobe defects (Figure S2-3F), thus 
further confirming that Dscam[TM2]’s primary involvement in axonal morphogenesis. 
To figure out the structural basis for the functional distinction between Dscam[TM1] and 
Dscam[TM2], we performed the structural-functional analysis and engineered two 
chimeric TMs by exchanging the cytoplasmic juxtamembrane portions between TM1 and 
TM2 (Figure 2-2F). Interestingly, this swap reversed the functional distinction (Figure 2-
2I) (rescued to 69.0±3.0% with 17.1/17.2 vs. 7.3±2.4% with 17.2/17.1) as well as their 
differential protein targeting between Dscam[TM1] and Dscam[TM2] (Figure 2-2G&H). 
These observations suggest that the cytoplasmic juxtamembrane domains of Dscam could 
regulate its TM-dependent differential subcellular localization, and further indicate that 
probably due to differential targeting, TM2-containing Dscam isoforms primarily 
regulate axonal morphogenesis whereas TM1-containing Dscams might preferentially 
regulate the dendritic development.  
 To determine if Dscam[TM2], but not Dscam[TM1], could broadly regulate the 
diverse axonal morphogenesis, we also examined whether and how depletion of 
Dscam[TM1] versus Dscam[TM2] affects the neuronal morphogenesis of ellipsoid body 
(EB) neurons. In an early study, Dscam was required for the full elaboration of EB 
neurites (Wang et al., 2002). As the GABAergic neurons (Hanesch et al., 1989), the 
R2/R4m neurons in the ellipsoid body were shown to be involved in ethanol sensitivity 
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 and tolerance (Urizar et al., 2007) and visual pattern memory (Pan et al., 2009). 
Interestingly, with asense-GAL4 (Zhu et al., 2006b) plus GAL4-EB1 (Wang et al., 2002) 
to separately induce UAS-17.1 miRNA and UAS-17.2 miRNA, we observed that induction 
of UAS-17.2 miRNA could mimic the morphogenetic defects of Dscam mutant EB 
neurons [Figure S2-2(A-D)]. This result again demonstrates that Dscam[TM2], but not 
Dscam[TM1], plays dominant roles in the diverse axonal morphogenetic processes; and 
as discussed earlier, this functional difference between endogenous Dscam[TM1] and 
Dscam[TM2] might be attributed to their differential protein targeting.  
 
Primary involvement of Dscam[TM1] in the dendritic elaboration 
As shown in our earlier studies, transgenic Dscam[TM1]::GFP is preferentially 
enriched in the dendrites  in various model neurons, including the antennal lobe (AL) 
PNs (Wang et al., 2004). To explore if Dscam[TM1] regulates the dendritic elaboration, 
we examined the antennal lobe (AL) projection neurons (PNs). In contrast with MB and 
EB neurons where Dscam may not be required for their dendritic morphogenesis, the PNs, 
especially the GAL4-GH146 derived ventral lineage PNs (vPN clones), require Dscam for 
the dendritic elaboration as well as the axonal arborization in the lateral horn (LHs) (Zhu 
et al., 2006a) though other study suggested that GH146-labeled processes in the antennal 
lobe region also contained some axonal processes (Ng et al., 2002).  
 First, the results showed that GAL4-GH146-dependent induction of UAS-18 
miRNA in the otherwise wild type vPN Nb clones could phenocopy the morphogenetic 
defects in both axons and dendrites characteristic of Dscam mutant vPN Nb clones 
(Figure 2-3D, H, L) (100%; n=10). Following the induction of UAS-18 miRNA, the 
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 dendrites of vPN Nb clones shrank from pan-antennal lobe ramification to abnormal 
clusters at the AL medial upper portion where the axon passage resided (arrow; compare 
Figure 2-3E with 2-3H). In the LHs, the axonal branches failed to fully arborize and often 
stalled with aberrant aggregates (Figure 2-3L, arrow). In addition, the projections out of 
the LH (Figure 2-3I&J, arrowheads) were mostly missing. Encouraged by these, we then 
wondered if separate GAL4-GH146-dependent induction of UAS-17.1 miRNA versus 
UAS-17.2 miRNA could selectively affect the dendritic versus axonal morphogenesis in 
this model neuron, respectively. Interestingly, the Dscam null dendritic and axonal 
phenotypes were uncoupled which was consistent with their differential protein targeting 
phenomena. Following the UAS-17.1 miRNA induction, we observed that the PN 
dendritic elaboration was selectively blocked with minimal effects on their axonal 
arborization (Figure 2-3B, F, J) (100%; n=9). In contrast, for GH146-dependent induction 
of UAS-17.2 miRNA, it effectively impaired the PN axonal arborization in the LHs with 
minimal affects on their dendritic patterning (Figure 2-3C, G, K) (100%; n=15). We 
further quantified dendrite phenotypes by counting the glomeruli that did not receive any 
dendritic innervation by GAL4-GH146-positive PNs in the above vPN Nb clones. For the 
wild type vPN Nb clones, there is normally no glomerulus that does not receive any 
dendritic innervation. Such vPN Nb dendrites still fully elaborated after depletion of 
endogenous Dscam[TM2], as revealed by no glomerulus without neurite coverage. In 
contrast, induction of UAS-17.1 miRNA made a significant and comparable number of AL 
glomeruli devoid of MARCM-labeled vPN dendrites as induction of UAS-18 miRNA 
(17.1, 10.86±0.69 vs 18, 11.00±0.82). These observations rule out any supportive role of 
Dscam[TM2] in the Dscam[TM1]-deficient mutant for dendritic elaboration and further 
                                                                  49
 suggest that differential protein targeting of Dscam[TM1] and Dscam[TM2] could govern 
the dendritic elaboration and axonal arborization, respectively.  
 To provide further independent evidence for the notion above, we used transgenic 
Dscam[TM1] or Dscam[TM2] to rescue Dscam null mutant PN phenotypes and again 
observed that single-ectodomain transgenic Dscam significantly rescued certain Dscam 
mutant phenotypes in dendrite versus axons, depending on the presence of TM1 or TM2. 
In our early study, with two distinct Dscam transgenes that differ only in their exon 17, 
we had reported that only transgenic Dscam[TM2], but not Dscam[TM1], could 
effectively rescue the axonal branching defects in the single cell clone of Dscam mutant 
MB neurons (Wang et al., 2004). Interestingly, in this rescue experiment, we used the 
same pair of Dscam transgenes to determine their effects on Dscam mutant DL1 PNs and 
observed that only Dscam[TM1] could effectively rescue PN dendritic defects whereas 
transgenic Dscam[TM2], but not transgenic Dscam[TM1] could partially rescue PN 
bouton formation in the MB calyces (Figure 2-4). Taken together, we provide 
independent evidence for the differential involvement of Dscam[TM1] and Dscam[TM2] 
in the dendritic and axonal morphogenesis, respectively.  
 
Discussion 
With this novel miRNA-based RNA interference approach, we managed to 
selectively knock down distinct subsets of Dscam isoforms based on their exons’ unique 
sequences. Further, we examined the effects of depleting Dscam[TM1] and Dscam[TM2] 
in various model neurons and demonstrated the differential involvement of Dscam[TM1] 
and Dscam[TM2] in dendritic versus axonal morphogenesis, respectively. The distinction 
                                                                  50
 of the TM-dependent functions could be ascribed to the differential protein targeting, 
because both functions and protein targeting could be governed by similar cytoplasmic 
juxtamembrane portions of Dscam exon 17-encoding TMs. However, in the normal 
UAS/GAL4 binary induction, transgenic Dscam[TM2] is abundantly expressed in both 
dendrites and axons, whereas Dscam[TM1] remains primarily enriched in the dendrites, 
although Dscam[TM1] exhibits broader function than Dscam[TM2]. Depletion of both 
further impaired MB axons (Figure 3-2I), whereas knocking down Dscam[17.1] was 
equally potent as silencing all Dscam transcripts in blocking PN dendritic elaboration 
(Figure 2-3). These unresolved discrepancies suggest that there might be targeting-
independent functional distinction between Dscam[TM1] and Dscam[TM2].  
 Though there are some concerns addressed on the specificity of RNAi-mediated 
gene silencing (Ma et al., 2006), we are quite confident in our RNAi transgenes for the 
following reasons. First, we could more conveniently minimize the potential off-target 
effects with the microRNA-based RNAi constructs, since only two 22-nucleotide-long 
double-stranded RNAs are derived from each RNAi transgene. Second, we engineered an 
independent miRNA-based RNAi construct against a common Dscam exon in addition to 
those targeting exon 17.1 versus exon 17.2, and so far have yielded consistent results 
following analogous induction of RNAi against these discrete Dscam sequences. Third, 
our RNAi transgenes were quite specific and highly effective as supported by direct 
visualization of specific Dscam proteins in vivo. Fourth, all the phenotypes elicited by our 
RNAi transgenes were comparable to previously known Dscam null phenotypes in both 
qualitative and quantitative manners. Fifth, RNAi induced phenotypes could be 
effectively rescued by various Dscam transgenes. In addition, our demonstration that 
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 endogenous Dscam[TM1] and Dscam[TM2] regulate the dendritic and axonal 
morphogenesis respectively has been previously suggested by multiple lines of evidence. 
Further, consistent with that notion, we observed that Dscam[TM1] could more potently 
rescue the Dscam mutant dendritic elaboration than Dscam[TM2] whereas Dscam[TM2] 
could effectively rescue Dscam mutant axons.  
 The alternative approach for studying the functions of Dscam TM variants is to 
knock out distinct TM variant at the genomic locus. In theory, by homologous 
recombination based gene targeting (Gong and Golic, 2003), one can manipulate 
genomic Dscam in a way that only one exon 17 alternative (17.1 or 17.2) is left in the 
Drosophila genome. However, there are several potential problems associated with this 
kind of manipulation. Even when we take no consideration of the possibility that gene 
targeting might change the overall Dscam protein level it is still inevitable that removal 
of subsets of Dscam isoforms could broaden the expression pattern of the other isoforms 
or even upregulate the level of the other isofoms. This may alleviate the defects caused 
by loss of specific isoforms and/or even lead to gain-of-function phenotypes, further 
complicating interpretation. In contrast, knocking down various subsets of Dscam 
isoforms at the level of translation (e.g., by microRNA) should deplete the isoforms of 
interest without affecting the expression of others. Further, in this scenario, one could 
easily determine the endogenous expression patterns of various subsets of Dscam 
isoforms and clearly assess the contributions from various subsets of Dscam isoforms to 
different neuronal morphogenesis. For instance, following separate pan-neuronal 
induction of UAS-17.1 miRNA and UAS-17.2 miRNA we observed that endogenous 
Dscam[TM1] and Dscam[TM2] are co-expressed in most cells though their relative 
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 abundance might dynamically change at various developmental stages. Thereby, the co-
expression with different requirements may suggest that they are functionally distinct. 
Dscam[TM1] is selectively enriched in dendritic growth cones whereas Dscam[TM2] is 
preferentially localized to axonal growth cones. However, it was difficult for us to 
observe their differential targeting following knockdown of one versus the other since 
most neuropils consist of both axons and dendrites. Recently, we also observed that 
retrograde transport is essential to enrich the Dscam[TM1] in dendrites (our unpublished 
results), explaining partially why both Dscam[TM1] and Dscam[TM2] are expressed in 
the larval MB core fibers where newly derived MB axons are selectively fasciculated 
(our unpublished observation). Finally, in contrast to the permanent changes associated 
with gene targeting, GAL4/UAS-based induction of miRNA based RNAi could have a 
more flexible control over when and/or where to deplete the isoforms of interest, and 
should better elucidate the stage as well as tissue specific functions of certain isoforms.  
 In summary, our results suggest that distinct Dscam transmembrane variants are 
differentially involved in axonal versus dendritic morphogenesis and this distinction is 
probably attributed to differential protein targeting. However, it remains unclear why the 
Drosophila needs two distinct but well conserved exon alternatives rather than one 
common transmembrane exon to support axonal versus dendritic morphogenetic 
processes. One possible explanation is that usage of two TM variants could help 
independently allocate the Dscam repertoire to dendrite and axon in a neuron. In this 
scenario, it is likely that distinct TM variants may couple different ectodomains and that 
these different ectodomains may confer distinct homophilic binding specificity in 
dendrites versus axons. The other explanation is that varying the ratio of TM1/TM2 could 
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 simultaneously adjust the amount of Dscam in axons versus dendrites. In this case, 
homophilic binding strength in the axons or dendrites may also change accordingly. 
Finally, given that the dendrites and axons of the same neuron often acquire different 
morphological features, it would be interesting to address the possibility that TM1/TM2-
dependent different distribution of Dscam might regulate some aspects of dendritic 
versus axonal morphogenesis.  
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Figure 2-1. Silencing of endogenous Dscam expression by various transgenic 
miRNAs. 
Composite confocal images of wandering larvae CNS showing endogenous Dscam 
expression (magenta; as revealed by immunostaining with an anti-Dscam exon 18 peptide 
mAb), in wild type (WT) and after asense-GAL4/GAL4-C155-dependent induction of 
various anti-Dscam miRNAs (B-E). (A) wild type control. Note that UAS-18 miRNA 
alone (B) or only UAS-17.1 miRNA plus UAS-17.2 miRNA (C) could effectively eliminate 
the entire Dscam expression. In addition, regardless of the levels of Dscam, major neural 
structures, as revealed by coinduction of UAS-mCD8::GFP (green), remained 
comparable (F-J). Scale bar: (here and in all figures) 20 μm.  
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 Figure 2-2. Essential requirement of Dscam[TM2], but not Dscam[TM1] in MB 
axonal morphogenesis. 
A-E, Adult MB lobes visualized by 1D4 mAb. Compared with the wild type (A), 
induction of certain anti-Dscam miRNAs (see I) disrupted the formation of MB α/β lobes 
to various extent (B-E). F-H, generation of two chimeric Dscam TMs (F) and their effects 
on Dscam::GFP protein targeting. After binary induction with GAL4-201Y, 
Dscam[17.1/17.2]::GFP, like Dscam[17.2]::GFP, is uniformly distributed in the larval 
MBs (G). In contrast, Dscam[17.2/17.1]::GFP, like Dscam[TM1]::GFP, is enriched in 
dendrites (H). Additionally, both Dscam[17.1/17.2]::GFP and Dscam[17.2]::GFP are 
preferentially targeted to axons after suppression of the induction by RNAi (data not 
shown) (Similar to Figure S1 F, H). I, Quantitative analysis of MB lobe phenotypes, 
based on the above classification (A-E), after GAL4-OK107-dependent induction of 
various anti-Dscam miRNAs and in the absence or presence of distinct transgenic 
Dscam::GFP. N>100 in every condition. 
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Figure 2-3. Distinct requirement of Dscam[TM1] and Dscam[TM2] in dendritic 
versus axonal morphogenesis, respectively.  
MARCM-labeled adult vPN Nb clones. Compared with the wild-type clone (A, green), 
induction of 17.1 miRNA, 17.2 miRNA, and 18 miRNA in vPN Nb clones (B-D, green) 
specially disrupted dendritic elaboration (F, arrow), axonal arborization (K, arrow), and 
both (H, L; arrows), respectively. Adult fly brains were counterstained with nc82 mAb 
(magenta). The cropped images selectively showed dendritic elaboration (E-H) or axonal 
arborization (I-L) of the clones. N≥9 in every condition. 
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Figure 2-4. Rescue of Dscam mutant PN morphogenesis by transgenic Dscam with 
TM1 versus TM2.  
A-H, Adult single-cell clones of DL1 PNs (green) of which the dendritic elaboration in 
the DL1 glomeruli (as revealed by nc82 immunostaining; magenta) and axon arborization 
in the MB calyces and the LHs are, respectively, shown in A-D and E-H. A, E, Wild type 
clones. B, F, Dscam mutant clones. C, G, Rescue of mutant clones with pDscam-
Dscam[3.36.25.1-genomic 18-24]. D, H, Rescue with pDscam-Dscam[3.36.25.2-genomic 
18-24]., Note partial coverage of DL1 glomeruli by the green PN dendrites in B and D 
and the absence of bouton-like structures (arrowheads) in F and G. I-J, Quantitative 
analysis of the coverage of DL1 glomeruli by single cell PN clones (I) and the numbers 
of PN-derived bouton-like structures in the MB calyces (J). n=25 in every condition. 
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Figure S2-1.  Silencing of various UAS-transgenes by specific UAS-miRNAs.  
Composite confocal images of wandering larval (WL) MBs showing suppression of the 
GAL4-201Y-dependent induction of UAS-Dscam[3.26.25.1]::GFP and UAS-
Dscam[3.26.25.2]::GFP by UAS-17.1 miRNA (C) and UAS-17.2 miRNA (F), respectively. 
In addition, UAS-18 miRNA antagonized the induction of both UAS-
Dscam[3.36.25.1]::GFP (G) and UAS-Dscam[3.36.25.2]::GFP (H), but not UAS-
mCD8::GFP (data not shown). Note that weak induction is necessary for demonstrating 
the preferential axon targeting of Dscam[TM2]. For instance, the MB axon peduncle and 
lobes (e.g. arrowheads in F) are better labeled than the calyx when 
Dscam[3.36.25.2]::GFP was weakly expressed (F, H).  
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Figure S2-2. Requirement of Dscam[TM2] for EB axonal morphogenesis 
Nb clones of adult EB neurons labeled with a flip-out reporter gene (A-C) or MARCM 
(D). Clones were generated in the absence of transgenic miRNA (A) or in the presence of 
UAS-17.1 miRNA (B) or UAS-17.2 miRNA (C). Note malformation of the EB ring 
following induction of UAS-17.2 miRNA (C). Similar phenotypes are observed in Dscam 
mutant clones (D). n=10 in every condition. 
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 Figure S2-3. Confirmation of Dscam[TM2]’s primary involvement in the axonal 
morphogenesis with two Dscam transgenes. 
Cartoon for two Dscam transgenes with each containing half of Dscam exon 4 
alternatives and silent mutations in exon 17.2 region (A).   Composite confocal images of 
wandering larvae CNS showing endogenous Dscam expression with an anti-Dscam mAb 
in wild type (B) and after GAL4-C155-dependent co-induction of 17.1 miRNA and 17.2 
miRNA without transgenes (C) and with either Dscam transgene 2RS (D) or 2RM (E). 
Quantification of MB lobe defects revealed by 1D4 staining (F), N=100 in every 
conditions.  
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 Summary 
The Drosophila Dscam transmembrane variants, Dscam[TM1] and Dscam[TM2], 
regulate the dendritic and axonal morphogenesis respectively. One possibility for such 
delicate separation of functions in different subcellular compartments is independent 
control of Dscam repertoire in axons and dendrites which might contribute to different 
morphological complexity of axons and dendrites in the same neuron. To test this, we 
used homologous recombination to create “exon 17 swap” alleles in an attempt to 
exchange Dscam repertoire between axons and dendrites. By swapping small cytoplasmic 
sequences between two exon 17 variants without perturbing intron sequences, we 
succeeded in generating allele DscamhybridTM that maintained both splicing machinery and 
endogenous Dscam expression. Further, 17.1 miRNA mediated knockdown experiments 
in MB axons verified that Dscam transcripts with partial exon 17.1 sequences plus 
cytoplasmic domain of exon 17.2 (termed as axonal 17.1) mainly targeted to axons and 
also suggested that DscamhybridTM could succeed in exchanging Dscam repertoire from 
dendrites to axons. In MARCM labeled neuroblast clones of DscamhybridTM, some 
neuronal types revealed subtle defects in either dendritic or axonal morphology, different 
from those of wild type and Dscam loss-of-function mutant. Taken together, the results 
provide some insights how the relative different usage of Dscam repertoire in 
axons/dendrites may shape the complex patterns of neuronal wiring.  
 
Introduction 
The complex neuronal wiring patterns are characterized by the precise connection 
between neurons. In this connection diagram, each neuron is geometrically complex, 
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 possessing many receptive processes (dendrites) and one highly branched outflow 
process (axon) that can travel over the long distance.  At this moment, it remains largely 
unclear how the different morphological complexity between axons and dendrites in the 
same neuron is molecularly regulated.  
Recently, Drosophila Down syndrome cell adhesion molecule (Dscam) has been 
shown to regulate the axonal and dendritic morphogenesis by its two transmembrane 
variants, Dscam[TM1] and Dscam[TM2] respectively (Shi et al., 2007). However, 
vertebrate Dscam homolog only has one transmembrane choice and yet it regulates both 
axonal and dendritic morphogenesis (Ly et al., 2008; Fuerst et al., 2009), raising the 
question why the insect/Drosophila Dscam needs two transmembrane variants to govern 
the morphogenesis of axons and dendrites. One unique feature about insect Dscam is its 
huge molecular diversity (Schmucker and Chen, 2009) and molecular diversity of Dscam 
in Drosophila is mainly derived from three highly variable Ig domains in the ectodomain 
which are encoded by exon 4 (12 alternative choices), exon 6 (48 alternative choices) and 
exon 9 (33 alternative choices) (Schmucker et al., 2000). Among the huge diversity of 
Dscam isoforms, a given Dscam ectodomain variant has the strong binding affinity to 
itself but displays only weak binding, if at all, to other isoforms (Wojtowitz et al., 2004; 
Wojtowitz et al., 2007). Furthermore, through Dscam homophilic interaction between 
opposing surfaces of sister branches, Dscam has been shown to regulate the self 
avoidance of sister processes (Wang et al., 2002; Matthews et al., 2007; Hughes et al., 
2007; Soba et al., 2007).  
Since some neurons have different morphological complexity between axons and 
dendrites and Dscam ectodomain variants, when manipulated at the expression level or 
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 variety, could regulate axonal morphological complexity (Chen et al., 2006), one 
advantage for the organisms to have two Dscam transmembrane variants is independent 
control of Dscam repertoire in the axons and dendrites through which it might lead to 
different morphological complexity between axons and dendrites. To address this, we 
have used homologous recombination to generate “exon 17 swap” alleles. Surprisingly, 
and in contrast to previous models in which the intron sequences regulate the alternative 
splicing of exon 17 variants (Anastassiou et al., 2006), we found that complete swap 
allele DscamTM2/TM1 not only produced abnormal transcripts without exon 17 but also 
lacked detectable Dscam immunoreactivity in the developing nervous system. In contrast, 
cytoplasmic juxtamembrane region swap allele DscamhybridTM preserved both intact 
alternative splicing and protein expression. Phenotypic analysis in this DscamhybridTM 
allele revealed subtle morphological defects in axons of atonal-positive DC neurons and 
dendrites of EB neurons, suggesting that different usage of Dscam in axons/dendrites 
might regulate the neurite morphology. One of the possible reasons for lack of 
morphological changes in axons and dendrites of projection neurons could be due to 
similar Dscam usage in axons and dendrites for this type of neuron. Together, we 
concluded that in some neuronal types, different usage of Dscam in axons/dendrites could 
regulate the complex neurite morphology.  
 
Materials and Methods 
Transgenes 
Standard molecular biological techniques were used to generate UAS-Dscamwt-
GFP, UAS-DscamTM2/TM1-GFP, and UAS-DscamhybridTM-GFP which encode Dscam 
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 transcripts except that the coding region flanking exon 16 and exon 18 consists of Dscam 
genomic sequences (Figure 3-2). These constructs were introduced into attP16 site by 
phiC31-mediated integration system with technical support from Genetic Services. 
 
Generation of DscamTM2/TM1 and DscamhybridTM alleles 
The strategy used to generate the DscamTM2/TM1 and DscamhybridTM alleles is 
indicated in Supplementary Figure 3-1, and is based on the ends-in targeting strategy 
(Rong and Golic, 2000). Approximately 4-kb homology sequences (53010bp-56893bp) 
spanning Dscam exon 17.1 and exon 17.2 and 5.5-kb homology (56931bp-62381bp) 
containing sequences from exon 18 to exon 24 were PCR amplified from the reference 
strain for the Drosophila genome sequencing project (Adams et al., 2000; Dscam 
GenBank: AF260530.1). Around 1kb sequence containing complete swap between exon 
17.1 and exon 17.2 or partial cytoplasmic swap between exon 17.1 and exon 17.2 were 
synthesized by GenScript, NJ. First, the modified 4kb homology sequence was subcloned 
into pED14 vector via NotI and KpnI sites. Later, 5.5kb homology was further subcloned 
via NheI and EcoRI sites. These constructs were introduced into flies by P element-
mediated germ line transformation with technical support from Genetic Services. At least 
three independent lines for each construct were used for gene targeting crosses.  
 
Fly strains 
Fly strains used in this study include (1) DscamFRT, tubP-GAL80/CyO (Hattori et 
al., 2007); (2) DscamED82/CyO (Hattori et al., 2007); (3) Ato-GAL4; (4) GAL4-EB1; 
(5)UAS-mCD8::GFP (Lee and Luo, 1999); (6) hs-FLP, UAS-mCD8::GFP; Pin/CyO; (7) 
                                                                  68
 DscamED69/CyO (Hattori et al., 2007); (8) GH146-GAL4; (9)yw; P[70FLP]P[70I-SceI]; 
(10)w; P[70FLP]10; (11) hs-FLP; Sp/CyO; (12) Pin/CyO; OK107-GAL4.  
 
Genetic mosaics 
For generation of various MARCM clones, synchronized flies with appropriate 
genotypes were incubated at 380C for 30 min at various developmental stages as 
described previously (Lee et al., 1999; Zheng et al., 2006). 
 
Immunostaining and confocal analysis 
Preparation as well as immunostaining of both larval CNS and adult brains was 
performed as described previously (Lee et al. 1999; Lee and Luo, 1999). The anti-Dscam 
mAb, 1D4 (anti-FasciclinII) mAb, and anti-mCD8 mAb were used at 1:20, 1:50, and 
1:100, respectively. Fluorescent signals were captured with confocal microscopy and 
processed with Adobe Photoshop. 
 
Reverse transcription PCR 
Wandering larvae for various genotypes were collected and total RNA was 
extracted using Trizol (Invitrogen). Reverse transcription and PCR were performed with 
SuperScript™ III one step RT-PCR system (Invitrogen) and the primers were used as 
follows: Forward, TCTTCCATGCCTCGCTTAATCCG; Reverse, 
AACGTGAAGCCCGATAACAACTACG. The reaction conditions were done under the 
following conditions: one cycle of 550C for 30 min, 940C for 2 min, 40 cycles of 940C for 
15 sec, 600C for 30 sec, 680C for 30 sec, one cycle of 680C for 5 min. The PCR products 
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 were purified and cloned into vectors with TOPO® TA cloning kit (Invitrogen). The 
sequencing was done by Genewiz, Inc.  
 
Real-time PCR 
Total RNA was extracted using Trizol (Invitrogen). Quantifications of Dscam 
wild type or hybrid transmembrane variants expression was done using real time 
quantitative PCR by TaqMan probes with an ABI Prism 7000 SDS (Applied Biosystems). 
Total RNA was treated with DNase I (Invitrogen), and random hexamers were used 
(Integrated DNA Technologies) to prime reverse transcription with Superscript II 
(Invitrogen), all according to manufacturers’ instructions. PCR reactions were assembled 
by combining two master mixes. The first mix contained approximately 1 µg of cDNA 
template and 10 µl TaqMan® Gene Expression Master Mix (Applied Biosystems) per 
reaction and was aliquoted into a PCR plate. The second mix contained forward, reverse 
primers (0.9 µM final concentration of each), probe (0.25 µM final concentration) and the 
water needed to bring each reaction to a final volume of 20 µl, and was subsequently 
aliquoted into the PCR plate. The probes and primers for Dscam wild type or hybrid 
transmembrane variants were as follows (F, forward primer; R, reverse primer; P, probe;  
H, hybrid; all 5´-3´): 171F, ACGATCCGCATTATCCTCTC; 171R, CGCTATGATTAT 
GACGAGCAG; 171P, FAM- CGCCACGACGGGCACAACTA-TAMRA; 172F, CTCG 
ATCTCAACTTCATGGTG; 172R, AGATAGGGCCACGCACAC; 172P, FAM-CCAC 
GACCACGGTGGCAATT-TAMRA; 171HF, ACGATCCGCATTATCCTCTC; 171HR, 
CGCCTCCGAGATAGCAGTAT; 171HP, FAM-ATGACGAGCAGAGCCGCCAC-TA 
MRA; 172HF, GTGGCTCGATCTCAACTTCA; 172HR, CTTTGTGGTGATTGCCCTT; 
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 172 HP, FAM-ACACCACGCAGATGCCCACC-TAMRA. All primers and FAM-
TAMRA labeled probes were purchased from Integrated DNA Technologies (Coralville). 
The efficiency of the amplification and detection by all primer and probe sets were 
validated by determining the slope of Ct versus dilution plot on a 3× 104 dilution series. 
Individual reactions were used to quantify each RNA level in a given cDNA sample, and 
the average Ct from duplicated reactions within the same run was used for quantification. 
 
Results 
Generation of Dscam TM swap alleles 
 Dscam transmembrane variants, Dscam[TM1] and Dscam[TM2] have been 
shown to regulate the axonal and dendritic morphogenesis respectively (Shi et al., 2007). 
One possible advantage for having two Dscam variants to separately regulate axonal and 
dendritic morphogenesis is independent control of Dscam repertoires in axons and 
dendrites. By having this independent control of Dscam (Dscam expression level or 
variety of Dscam ectodomains) in axons and dendrites, homophilic binding strength may 
vary accordingly to regulate the different morphological complexity in axons and 
dendrites. Since Dscam[17.2] and Dscam[17.1] are dynamically regulated throughout the 
developmental processes (our unpublished data, Wang et al.),  it is technically 
challenging to directly measure the variety or expression level of Dscam transmembrane 
variants in the axons/dendrites. Alternatively, we sought to address this possibility by 
exchanging the Dscam populations between axons and dendrites. If this exchange did not 
lead to any morphological defects in axons/dendrites, it might suggest that relative usage 
of Dscam repertoire in axons versus dendrites might be similar or functionally irrelevant 
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 for the neurite complexity. However, if the exchange caused the morphological changes 
in axons/dendrites, it might indicate that relative usage of Dscam in the axons versus 
dendrites might be different and that the different usage of Dscam repertoire could 
contribute to the different neurite complexity.  
 To this end, we decided to swap exon 17.1 and exon 17.2 at the genomic loci. 
This swap is based on the following rationale. First, Dscam protein distributions in axons 
versus dendrites were primarily determined by exon 17.2 and exon 17.1 respectively 
(Wang et al., 2004). Second, exon swap experiments in Drosophila myosin heavy chain 
gene (Standiford et al., 1997) suggested that the intron sequence could regulate the 
relative usage of isoforms derived from the alternative splicing. Based on these, the exon 
17.1-containing Dscam ectodomains with primary targeting to the dendrites, after the 
swap between exon 17.1 and exon 17.2 at the genomic loci, are now coupled to exon 17.2 
and consequently will be accumulated in the axons. In other words, by swapping exon 
17.1 and exon 17.2 at the genomic loci, the Dscam populations are expected to be 
exchanged from dendrites to axons and vice versa for the Dscam repertoire exchange 
from axons to dendrites.  
 We used homologous recombination to exchange the genomic loci of exon 17.1 
and exon 17.2. In the swap allele DscamTM2/TM1, exon 17.2 is placed in front of exon 17.1 
(Figure S3-1A&C). The molecular structure of DscamTM2/TM1 was verified by genomic 
PCR. Surprisingly, the DscamTM2/TM1 allele is recessive lethal. To assess more carefully 
the viability of these mutants, newly hatched mutant larvae were isolated and grown 
without potential competition from their siblings. Under these conditions, the 
DscamTM2/TM1 homozygous animals survived until the early 3rd instar stage. At this time 
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 point, the wild type animals showed abundant Dscam protein expression in the neuropils 
structure by anti-Dscam immunostaining (Figure 3-1A). However, in the DscamTM2/TM1 
homozygous animals, Dscam immunoreactivity was hardly detectable (Figure 3-1B). One 
potential problem could be the disruption of alternative splicing, as revealed in our early 
imprecise P element excision (unpublished data, Shi et al.). To this end, we used a pair of 
primers that flanked the exon 17 region to do the RT-PCR. For the wild type, both 
transcripts with either exon 17.1 or exon 17.2 were detected in the final PCR products 
(Figure 3-1C). For the DscamTM2/TM1 homozygous mutants, the sequencing results of all 
three transcripts derived from RT-PCR revealed that compared to those in wild type 
conditions transcripts with either exon 17.1 or exon 17.2 were produced with much 
reduced quantity. Further, in these mutants, transcripts without exon 17 were also 
produced (Figure 3-1C, arrow head). At this moment, these results could not fully explain 
why no Dscam immunoreactivity was detected in the DscamTM2/TM1 homozygous mutants 
but did suggest that configuration of exon 17 might also play important roles in the 
alternative splicing machinery.  
 Since DscamTM2/TM1 allele disrupted endogenous Dscam expression and further 
our previous structural analysis showed that cytoplasmic juxtamembrane region of exon 
17.2 was the axonal targeting motif (Shi et al., 2007), we decided to swap the 
cytoplasmic juxtamembrane region between exon 17.1 and exon 17.2. By swapping this 
small region without changing intron sequences, we could also theoretically exchange 
Dscam populations between axons and dendrites. To quickly test whether the small 
region swap in the exon 17s disrupts the alternative splicing, we developed mini Dscam 
transgene assays with UAS/GAL4 binary expression system. In these assays, three 
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 Dscam transgenes were constructed under UAS in which most of sequences were cDNA 
except that the regions flanking exon 17.1 and exon 17.2 were genomic (Figure 3-2A). 
Additionally, GFP tag was fused to the C-terminal of each construct. In the analysis, we 
used MB specific OK107-GAL4 to induce these three transgenes. Furthermore, site-
specific integration (Groth et al., 2004) was used to insert these transgenes into a defined 
genomic locus, thereby eliminating any additional complications that might arise through 
variable expression of the different transgenes. Wild type animals showed high level of 
GFP expression in the MB neurons (Figure 3-2B). Further, sequencing results of those 
transcripts derived from reverse transcription PCR showed that wild type transgene UAS-
Dscamwt only yielded normal transcripts with either exon 17.1 or exon 17.2 (Figure 3-2E). 
Consistent with results from the DscamTM2/TM1 homozygous mutants, UAS-DscamTM2/TM1 
revealed very weak GFP expression in the MB neurons (Figure 3-2C) and a significant 
amount of transcripts without exon 17 were produced (Figure 3-2E). We further observed 
that UAS-DscamhybridTM had high level of GFP expression in MB neurons (Figure 3-2D) 
and that a portion of Dscam transcripts without exon 17 were detected (Figure 3-2E). 
Encouraged by this, we decided to swap the cytoplasmic juxtamembrane region between 
exon 17.1 and exon 17.2 at the genomic loci. 
 By homologous recombination, we created the partial swap allele DscamhybridTM in 
which the cytoplasmic regions in exon 17.1 and exon 17.2 were exchanged and intron 
sequences remained intact (Figure S3-1B&D). The molecular structure was verified by 
genomic PCR and following sequencing results of those PCR products. Different from 
DscamTM2/TM1 allele, DscamhybridTM allele is homozygous viable through adulthood. This 
allows us to examine the endogenous Dscam expression pattern at the wandering larvae 
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 stage. Similar to Dscam expression pattern in the wild type animals, DscamhybridTM 
homozygous mutants revealed abundant Dscam expression in the neuropils structure 
(Figure 3-3A&B). To further examine whether alternative splicing of exon 17 is mildly 
affected as suggested in our transgene assays, we used the same pair of primers to 
perform the reverse transcription PCR. Encouragingly, no abnormal transcripts were 
detected in the DscamhybridTM homozygous mutants and the sequencing results of RT-PCR 
derived transcripts revealed that they were the expected hybrid transcripts (Figure 3-3C).  
 To further verify whether “axonal 17.1 Dscams” (partial 17.1 sequence with 
cytoplasmic sequence of exon 17.2) and “dendritic 17.2 Dscams” (partial 17.2 sequence 
with cytoplasmic sequence of exon 17.1) in the DscamhybridTM  are localized in the axons 
and dendrites respectively, we decided to use 17.1 miRNA or 17.2 miRNA to target these 
two Dscam transmembrane hybrid transcripts. However, 17.2 miRNA could have targets 
in both Dscam hybrid transcripts thus at this moment, we could not check whether 
dendritic 17.2 Dscams are enriched in the dendrites. Meanwhile, 17.1 miRNA selectively 
targets axonal 17.1 Dscam transcripts and thus allows us to examine whether axonal 17.1 
Dscams are targeted to axons. For the wild type, induction of 17.1 miRNA by MB 
specific GAL4-OK107 led to minimal lobe defects. For the DscamhybridTM homozygous 
mutants, around 40% MB lobes failed to segregate from each other (Figure 3-3D). 
However, when 17.1 miRNA was induced by OK107-GAL4 in the DscamhybridTM 
homozygous mutant background, around 80% MB lobes showed the lobe defects, 
suggesting that axonal 17.1 Dscams could be targeted to axons, consistent with our 
previous finding that cytoplasmic region of exon 17.2 was the axonal targeting motif (Shi 
et al., 2007).  
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 DscamhybridTM homozygous clones revealed reduced axonal arborization in the atonal-
positive dorsal cluster (DC) neurons  
 To examine how DscamhybridTM mutant affects the neurite morphology, we next 
looked at the atonal-positive dorsal cluster (DC) neurons. Driven by a 3.6-kb genomic 
fragment locating upstream of the atonal (ato) open reading frame, ato-GAL4-dependent 
expression of UAS-markers permits selective labeling of three clusters of neurons in each 
lobe of the Drosophila adult brain (Hassan et al., 2000). The current understandings 
about the roles of DC neurons are speculative. Ablation of the ato-expressing neurons 
through ectopic expression of cell-death genes by ato-GAL4 leads to failed or delayed 
eclosion of the flies (Hassan et al., 2000).  This suggests a potential role for these neurons 
in eclosion but it is currently difficult to distinguish between the requirements for DC 
neurons versus other ato-expression neurons. Among them, for the wild type DC 
neuroblast clones created by MARCM techniques (Lee and Luo, 1999), dendrites 
ipsilaterally elaborate extensively in the lobular complex and then the axonal bundles 
traverse the entire central brain, defasciculate and innervate the contralateral lobular 
complex, extend through the chiasm and finally arborize in the medulla (Figure 3-4A&B; 
Zheng et al., 2006). In the DscamhybridTM neuroblast clones, while no obvious defects in 
the dendrites were observed (Figure 3-4A&D), the number of axonal branches with much 
fewer axonal arborization significantly increased especially in the medulla region (Figure 
3-4B,C&E,F; wt, 0 versus DscamhybridTM, 5.9±1.6 ). These specific defects in the axonal 
arborization were different from Dscam loss-of-function phenotypes (Shi L and Lee T, 
unpublished), where branches in the dorsal region formed clumps, suggesting that 
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 different usage of Dscam in axons and dendrites of DC neurons may primarily regulate 
the complex axonal arborization.  
 
DscamhybridTM homozygous clones mainly affected the dendritic morphogenesis in the 
ellipsoid body (EB) neurons    
 To examine further how DscamhybridTM mutant differentially affects other neurons, 
we explored the ellipsoid body (EB) neurons. In wild type EB neuroblast clones, axonal 
branches arborize elaborately to form the ring-like structure while the dendrites form the 
individual glomeruli structure (Figure 3-5A&B). Much to our surprise, in the 
DscamhybridTM neuroblast clones, the axonal morphology remained largely 
indistinguishable from that of wild type (Figure 3-5A&C), different from what were 
observed in the DC neurons. However, in the dendrites region, we observed that the 
mutant clones frequently had the overshooting dendrites and quantitatively, there were 
significant differences between the mutant and wild type (Figure 3-5B&D; DscamhybridTM, 
14.9±3.5 versus wt, 6.2±1.8). The dendrite defect was different from Dscam loss-of-
function phenotype (Shi et al., 2007), where there was no obvious overshooting dendrites, 
suggesting that different usage of Dscam in axons/dendrites of EB neurons may 
selectively affect the dendritic morphogenesis.  
 
DscamhybridTM homozygous clones showed grossly normal morphologies of axons and 
dendrites in projection neurons (PNs) 
 In addition to DC and EB neurons, we also examined how DscamhybridTM mutant 
clones affect the morphogenesis of PNs. It has been shown that Dscam is required for 
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 both axonal and dendritic morphogenesis of projection neurons (Zhu et al., 2006a). So we 
used the MARCM technique (Lee and Luo, 1999) to create PN neuroblast clones. In wild 
type, GH146-GAL4 labels PNs of three neuroblast lineages: adPN and lPN clones target 
their dendrites to stereotypical, yet non-overlapping sets of glomeruli (Figure 3-6G&I) 
whereas vPN Nb clones target their dendrites to elaborate the pan-antennal-lobe 
glomeruli (Figure 3-6B). All three types of PN clones in the DscamhybridTM mutants 
revealed the normal projection patterns in the dendrites region (Figure 3-6E, K&M). For 
the axons, no obvious defects in the mutants were observed in all three types of PN 
clones (Figure 3-6 F, L&N). To further reveal whether single PN is affected in the mutant, 
we also looked at the DL1 PNs. For the wild type DL1 PNs, in addition to the dendritic 
innervations in the DL1 glomeruli, axons are projected in a stereotypical pattern to the 
mushroom body calyx, where they form collateral branches, and to the lateral horn with a 
characteristic dorsal and main lateral branch (Figure 3-6A). In the DL1 DscamhybridTM 
mutant clones, both axons and dendrites were largely indistinguishable from those of 
wild type DL1 PNs (Figure 3-6D).  
 
Discussion 
In this study, we used homologous recombination to exchange Dscam populations 
between axons and dendrites in an attempt to address whether there was different usage 
of Dscam repertoire between axons and dendrites that might potentially regulate the 
different morphological complexity in axons versus dendrites. Through end-in gene 
targeting approaches, we succeeded in generating two “exon 17 swap” alleles. While the 
complete swap allele DscamTM2/TM1 disrupted both alternative splicing and protein 
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 expression, the partial swap allele DscamhybridTM retained intact alternative splicing and 
revealed abundant protein expression. With DscamhybridTM mutants, we examined three 
different model neurons and found that different group of neurons were differentially 
affected in DscamhybridTM clones. In DC neurons, DscamhybridTM selectively disrupted the 
axonal arborization in the medulla region. In EB neurons, dendrites tended to overshoot 
more frequently in DscamhybridTM mutants. For PN neurons, both axons and dendrites in 
DscamhybridTM homozygous clones remained morphologically normal compared to those 
of wild type.  
The phenotypes observed in DC neurons of DscamhybridTM clones suggested that 
Dscam usage changes in the axons could lead to defects in multiple steps of axonal 
targeting. This could not be explained by lack of Dscam in the axons of DC neurons. In 
the Dscam null DC-axons, axonal branches were entangled at the junction between 
protocerebrum and optical lobe (Shi L and Lee T, unpublished). Thereby, the phenotypes 
revealed in DscamhybridTM homozygous mutant clones indicated that even sufficient 
amount of Dscam could help axonal branches to segregate from each other but particular 
Dscam usage in the axons might further help them to reach their proper targets. It remains 
largely unclear why particular subsets of Dscam isoforms are required for the proper 
axonal targeting of DC neurons. However, analogous defects in the mechanosensory 
neurons were also observed when neurons were depleted of a subset of Dscam 
ectodomain variants (Chen et al., 2006). One possibility, as suggested in my following 
studies of Dscam ectodomain variants, is that local interactions mediated by Dscam 
isoforms present on the axons of DC neurons and surfaces of the neighboring cells might 
be important for branching/targeting decisions. Based on this, when Dscam usage in the 
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 axons changes, as in the DscamhybridTM mutant clones, local interactions between Dscam 
isoforms will be changed in a way that axons of DC neurons may find it difficult to 
branch out to connect with their targets.  
For Dscam null EB mutant clones, there were no obvious morphological defects 
in the dendrites region though the axons formed the clumps (Wang et al., 2002). However, 
in the DscamhybridTM mutant clones, there were many dendrites which overshot out of the 
glomeruli regions, in contrast to the normal glomeruli structures in the Dscam null clones. 
This suggested that Dscam populations in the axons might go to the dendrites and that the 
presence of Dscam variants in the dendrites might trigger strong repulsion between the 
glomeruli, as shown in the repulsion of two PN glomeruli which expressed  the same 
Dscam isoform ectopically (Zhu et al., 2006a). On the other hand, lack of changes in the 
DscamhybridTM mutant axons might be due to presence of other molecules that might 
regulate the complex axonal arborization. 
For PNs, lack of morphological changes in both axons and dendrites of the 
DscamhybridTM mutant clones could be due to several possibilities. First, in this type of 
neurons, axons and dendrites may share the same or similar ectodomain variants and 
hence exchange of Dscam populations between axons and dendrites has minimal effects 
on neurites morphology. Second, as suggested in the real time PCR experiments (Figure 
S3-2), in the DscamhybridTM whole mutants, the dendritic Dscam transcripts were 
expressed at higher level than axonal Dscam transcripts, similar to that in the wild type 
animals. Thereby, it is possible that the axonal/dendritic morphology is less affected by 
the small changes in the overall Dscam expression in either axons or dendrites.  
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 In summary, the study addressed the question how the relative different usage of 
Dscam in axons versus dendrites could regulate the neurites’ complex morphology. 
Depending on the neuronal types, either axons or dendrites or none have been affected 
morphologically after the Dscam repertoire exchange between axons and dendrites.  One 
possibility for such a difference is that different neurons may depend on the Dscam 
repertoire differently due to the various surrounding environmental cues or presence of 
other cell adhesion molecules which may also regulate the neurite complexity. The other 
possibility is that different neurons may have different efficiency to transport Dscam 
repertoire between those in axons and those in dendrites. The different efficiency in the 
protein trafficking machinery may contribute to different morphological effects upon 
axons/dendrites after cytoplasmic swap between exon 17.1 and exon 17.2. Elucidation of 
these possibilities may need further studies in the molecular mechanisms for the neurite 
complexity and protein trafficking in the axons and dendrites.  
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Figure 3-1. Minimal endogenous Dscam expression and disruption of alternative 
splicing in DscamTM2/TM1 mutants 
Composite confocal images of wandering larvae CNS showing endogenous Dscam 
expression by anti-Dscam antibody in wild type (A) and DscamTM2/TM1 mutants (B). 
Reverse transcription PCR in WT and DscamTM2/TM1 revealed both wild type transcripts 
(Dscam[TM2] and Dscam[TM1], arrows) and the abnormal transcript in DscamTM2/TM1 
mutants (arrow head, C). Scale bar: (here and in all figures) 20 µm. 
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 Figure 3-2. Dscam mini transgene assays in both GFP expression (B-D) and Dscam 
mRNA expression (E). 
(A) Three transgenes were inserted into the attp16 landing site on the chromosome arm 
2R; (B-D) Composite confocal images of wandering larvae MB showing GFP expression 
by MB specific GAL4-OK107. (E) Reverse transcription PCR in three transgenic Dscam 
mini genes (Dscamwt, DscamTM2/TM1, DscamhybridTM) revealed abnormal transcripts (arrow 
heads) in organisms with exogenous DscamTM2/TM1 and DscamhybridTM.  
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Figure 3-3. Endogenous Dscam expression and normal alternative splicing in 
DscamhybridTM mutants and proper targeting of “axonal 17.1 Dscams” to axons 
Composite confocal images of wandering larvae CNS showing endogenous Dscam 
expression by anti-Dscam antibody in wild type (A) and DscamhybridTM mutants (B). 
Reverse transcription PCR in WT and DscamhybridTM revealed the normal transcripts in 
both genotypes. (D) Phenotypical analysis of MB lobe morphology revealed by anti-
FasciclinII staining in various genetic backgrounds. N=100 in each condition. 
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 Figure 3-4. DscamhybridTM primarily reduced the axonal arborization of atonal-
positive DC neurons.  
MARCM labeled adult DC Nb clones. Compared with the wild type dendrites (A), 
DscamhybridTM minimally affected dendritic morphology (D). However, different from 
wild type axons with extensive arborization in the medulla region (B,C), DscamhybridTM 
caused less axonal arborization (E, arrow head in F). Closed-up views of the boxed 
regions in (B) and (E) are shown in (C) and (F), respectively. Number of the axonal 
branches with reduced arbors between the neighboring branches was quantified (G). N=8 
in every condition. 
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 Figure 3-5. EB Nb clones homozygous for DscamhybridTM exhibited overshooting 
dendrites.  
While homozygous clones for DscamhybridTM (C) showed normal axonal morphology 
compared to the wild type clones (A), dendrites in DscamhybridTM mutant clones (D, arrow 
head) showed abnormal overshooting phenomina which were less frequent in the wild 
type dendrites (B). The length of overshooting dendrites was quantified (E) N=8, 
expressed as Mean±SD.  
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 Figure 3-6. DscamhybridTM mutant clones showed normal axonal and dendritic 
morphology in single DL1 PN and three different neuroblast clones types of PN.  
Single DL1 PN in wild type (A) and DscamhybridTM (D) showed comparable morphology 
in axons (arrow head in A and D) and dendrites (arrow in A and D). Likewise, ventral 
neuroblast clones (B-C,E-F), anterodorsal neuroblast clones (G-H, K-L) and lateral 
neuroblast clones (I-J, M-N) were overall indistinguishable between wild type and 
DscamhybridTM mutant, N=8 in every condition.  
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 Figure S3-1. Generation of Dscam transmembrane swap alleles.  
Outline of the strategy used to isolate DscamTM2/TM1 and DscamhybridTM alleles. 
Intermediate alleles with a tandem duplication, intervening white+ marker and FRT site 
(A,B) were recombined by FLP recombinase to generate the final alleles, selected by loss 
of the white+ marker (C,D).  
 
 
Figure S3-2. Relative ratios between Dscam transmembrane transcripts. 
Real time experiment was performed for the wild type animals and DscamhybridTM mutants 
at the wandering larvae stage (See materials and methods). Note the ratio between 
dendritic 17.2 Dscam transcripts and axonal 17.1 Dscam transcripts is above 1 (2.2±0.4) 
as is the ratio between dendritic Dscam transcripts Dscam[17.1] and axonal Dscam 
transcripts Dscam[17.2] (8.2±2.7). 
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Chapter IV 
 
Differential involvement of Drosophila Dscam Ectodomains in Neuronal 
Morphogenesis 
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 Summary 
Drosophila Dscam could encode 19,008 distinct ectodomains containing different 
combinations of three variable immunoglobulin domains. One of the variable domains 
contains exon 4. With a microRNA-based RNA interference approach, we selectively 
knocked down specific Dscam exon 4 variants.  Intriguingly, we found differential 
involvement of distinct exon 4 alternatives in the morphogenesis of mushroom body 
(MB), projection neurons (PN) and atonal-positive dorsal cluster (DC) neurons. Particular 
exon 4s are critical for MB morphogenesis, while in PN, Dscam exon 4 alternatives 
might be functionally redundant and DC neurons may require most, if not all, exon 4 
alternatives. Consistent results were obtained by knocking out different subsets of exon 
4s via combining the miRNA reagents with distinct Dscam exon 4 deficiencies. Further, 
in both MB and DC neurons, we observed that close match between these neurons and 
their interacting cells regarding the choice of Dscam exon 4 variants might be important 
for their neuronal morphogenesis. Together, the study suggested differential involvement 
of distinct Dscam ectodomains in the morphogenesis of different neuron types. 
 
Introduction 
Neurons are interconnected through stereotypic pattern of synaptic connection. 
After birth, neurons extend their neurites to proper targets where they produce extensive 
axonal branches and/or dendritic arbors to establish specific synaptic connections. In this 
process, one great challenge for neurons is to recognize their own branches/arbors from 
those of their neighboring neurons to avoid redundant and/or abnormal connections.  
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  Recently, Drosphila Dscam has been shown to mediate the self-avoidance 
between sister neurites of the same neuron (Wang et al., 2002; Matthews et al., 2007; 
Hughes et al., 2007; Soba et al., 2007). Drosophila Dscam could potentially encode up to 
152,064 distinct immunoglobulin/fibronectin-type III cell adhesion molecules, each 
containing one of 19,008 alternative ectodomains, one of the two alternative 
transmembrane segments linked to one of the four alternative endodomains (Schmucker 
et al., 2000; Wang et al., 2004). Interestingly, among these hugely diverse Dscam 
isoforms, only those isoforms with same ectodomain display strong affinity binding and 
further specific homophilic binding between Dscam isoforms requires the modular 
interactions between distinct structural elements within each of the three variable 
immunoglobulin domains (Wojtowitz et al., 2004; Wojtowitz et al., 2007). Functionally, 
the homophilic Dscam-Dscam interaction results in repulsion between sister neurites in 
the same neuron, allowing the efficient patterning of multiple growth cones (reviewed in 
Millard and Zipursky, 2008).  
 Molecular diversity of Dscam primarily depends on three highly variable Ig 
domains in the ectodomain which are encoded by three alternatively spliced exons 4 
(with 12 choices), 6 (with 48 choices) and 9 (with 33 choices) (Schmucker et al., 2000). 
Single cell reverse transcription-PCR experiments showed that each neuron expressed 
stochastic yet biased Dscam repertoire, suggesting that the molecular Dscam diversity is 
used as the molecular tag for each neuron (Zhan et al., 2004; Neves et al., 2004). 
However, it remains unclear how many Dscam ectodomain variants are required for 
neurons to discriminate self versus non-self among the same type of neurons until the 
recent studies from Zipursky’s group. First, with only a single choice on Dscam’s 
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 ectodomains, the gross morphology of mushroom body is severely disrupted though the 
single Dscam ectodomain variant is sufficient to support normal morphogenesis of single 
MB neuron (Hattori et al., 2007).  When Dscam ectodomain choices increase even up to 
1152, the gross morphology of mushroom body is still abnormal (Hattori et al., 2009). 
However, in the exon 4 small deficiency line where there are around 5000 Dscam 
ectodomain variants, gross morphology of mushroom body, mechanosensory neurons and 
dendritic arborization neurons is indistinguishable from wild-type controls, suggesting 
that thousands of Dscam isoforms are necessary to distinguish between self and nonself 
during self-avoidance process (Hattori et al., 2009).  
 There are two concerns in using small deficiency lines to address the requirement 
of Dscam ectodomain choices in the self-recognition process. The first one is that in the 
deletion line, expression of the remaining Dscam variants will be in much broader pattern 
and/or changed non-proportionally at the expression levels in contrast to the normal 
unperturbed conditions. Indeed, the ratios of the remaining Dscam exon 4-containing 
transcripts in the Dscam exon 4 small deficiency lines were altered in contrast to the ratio 
of those in the wild type control (Chen et al., 2006). The other concern is that a subset of 
Dscam variants with redundant functions in different neurons may be encoded by 
alternative exons from distant genomic regions within Dscam, which cannot be easily 
reproduced at the same time for the small deficiency approach. At this moment, a 
microRNA (miRNA)-based RNA interference (RNAi) approach by targeting 22 
nucleotide sequences to silence specific transcripts of interest is suitable to study 
Dscam’s huge molecular diversity (Chen et al., 2007; Shi et al., 2007). Given that RNAi 
knocks down subsets of Dscam variants at the post-transcriptional level rather than at the 
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 genomic level, it should minimally affect the expression of other Dscam variants. In 
addition, this RNAi approach provides a more feasible method to deplete any 
combination of Dscam variant subsets in specific neurons.  
 To study the requirement of Dscam exon 4 variants in neuronal morphogenesis, 
we used RNAi to knock down different Dscam exon 4 variants to study their functions in 
MB neurons, projection neurons (PN) and atonal-GAL4-positive dorsal cluster (DC) 
neurons. We first grouped 12 exon 4 variants into three subsets based on their 
phylogenetic relationship and designed RNAi to selectively silence each and/or 
combinatorial subsets of Dscam exon 4 variants. The phenotypic analysis suggested that 
only certain subsets of Dscam exon 4 variants were critical for MB morphogenesis, while 
most Dscam exon 4 variants were required for DC neurons and dispensable for PNs 
during neuronal morphogenesis. Consistent results were also observed in the combination 
of small Dscam exon 4 deficiency and RNAi to deplete similar subsets of Dscam exon 4 
variants.  Taken together, the study provides the evidence that distinct Dscam ectodomain 
variants are differentially involved in the morphogenesis of different neuron types and 
also lays the foundation to further elucidate how distinct neurons acquire different 
morphological features during neural development.  
 
Materials and Methods 
Transgenes 
Standard molecular biological techniques were used to generate UAS-4a miRNA, 
UAS-4b miRNA, and UAS-4c miRNA, which encode microRNAs carrying unique Dscam 
target sequences derived from exons 4.1-4.3 and 4.11, exons 4.4-4.7, and exons 4.8-4.10 
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 and 4.12, respectively. MicroRNAs were designed according to the paper Chen et al., 
2007. Target recognition sequences are underlined.  
4a miRNA target sequences:  
Exon 4.1 target: 
TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTTAACAAGGAGCACGTTA
TAAGATAAGTTAATATACCATATCTATCTTATAACGTGCTCCTTGTTAG
TACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
Exon 4.2 target: 
TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTCCAACACTACGAAGAAG
ATATATAAGTTAATATACCATATCTATATATCTTCTTCGTAGTGTTGGG
TACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
Exon 4.3 target: 
TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTACTACGACACCGATGTA
AATAATAAGTTAATATACCATATCTATTATTTACATCGGTGTCGTAGTG
TACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
Exon 4.11 target: 
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 TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTCAAGGGCAATGCGGCCA
TTTTCTAAGTTAATATACCATATCTAGAAAATGGCCGCATTGCCCTTGG
TACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
4b miRNA target sequences:  
Exon 4.4 target: 
TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTTGTGCAGCAGTTCTATGA
ATCGTAAGTTAATATACCATATCTACGATTCATAGAACTGCTGCACAG
TACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
Exon 4.5 target: 
TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTCGTGGCAATACGGCTGTA
TTGATAAGTTAATATACCATATCTATCAATACAGCCGTATTGCCACGG
TACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
Exon 4.6 target: 
TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTACTGCGTCCCTCTGAGAA
CTATTAAGTTAATATACCATATCTAATAGTTCTCAGAGGGACGCAGTG
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 TACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
Exon 4.7 target: 
TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTGTTCTATGAGGCGGAGAT
TATGTAAGTTAATATACCATATCTACATAATCTCCGCCTCATAGAACGT
ACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
4c miRNA target sequences:  
Exon 4.8 target: 
TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTCGAGAATGAGTACGTAA
TTAAATAAGTTAATATACCATATCTATTTAATTACGTACTCATTCTCGG
TACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
Exon 4.9 target: 
TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTGGTCATCCAAAGCTATGA
ATCGTAAGTTAATATACCATATCTACGATTCATAGCTTTGGATGACCGT
ACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
Exon 4.10 target: 
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 TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTTTTGTGGCAGACTTCATC
GATGTAAGTTAATATACCATATCTACATCGATGAAGTCTGCCACAAAG
TACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
Exon 4.12 target:  
TTTAAAGTCCACAACTCATCAAGGAAAATGAAAGTCAAAGTTGGCAG
CTTACTTAAACTTAATCACAGCCTTTAATGTGGACGAGGAGCGAGTTA
TCTATTAAGTTAATATACCATATCTAATAGATAACTCGCTCCTCGTCCG
TACCTAAAGTGCCTAACATCATTATTTAATTTTTTTTTTTTTTGGCACAC
GAATAACCATGCCGTTTT 
 
Flies 
Transgenic flies carrying various UAS-miRNA were obtained by P element-
mediated germ line transformation with technical support from Genetic Services. 
 
Tissue-specific induction of RNAi and phenotypic analysis by immuno-histochemistry 
Targeted induction of UAS-miRNA involved use of various tissue-specific GAL4 
drivers; and their phenotypic analysis mainly involved co-expression of various UAS-
reporter genes. Both flip-out-marked clones of atonal-positive dorsal cluster (DC) 
neurons and MARCM (mosaic analysis with a repressible cell marker)-labeled clones of 
DC neurons were induced in the newly hatched larvae by heat shock for 40 min at 370C. 
Whole fly brains were prepared for immunostaining as described previously (Lee et al., 
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 1999). Anti-Dscam mAb (Shi et al., 2007) was used to detect the endogenous Dscam 
proteins. The anti-Dscam mAb, 1D4 (anti-FasciclinII) mAb, and anti-mCD8 mAb were 
used at 1:20, 1:50 and 1:100, respectively. Fluorescence signals were captured with 
confocal microscopy and processed with Adobe Photoshop (Adobe Systems, San Jose, 
CA). 
 
Results 
MicroRNA-based RNA interference permits selective silencing of Dscam transcripts 
encoding distinct ectodomains 
Drosophila Dscam potentially encodes 19,008 distinct ectodomains and we 
wondered whether and how distinct subsets of Dscam ectodomains operate in different 
neurons to support their morphogenesis. To systemically explore the functions of Dscam 
ectodomain variants, we used the miRNA-based RNAi technology (Chen et al., 2007) to 
selectively knock down different subsets of Dscam exon 4 variants. Based on 
phylogenetic tree distance among the Dscam exon 4 variants (Graveley et al., 2004), we 
divided them into three groups: 4a, 4b and 4c (Figure 4-1A). Three miRNA constructs 
UAS-4a miRNA, UAS-4b miRNA and UAS-4c miRNA were engineered to target the 
Dscam 4a, 4b and 4c respectively. For each UAS-miRNA transgene, the most effective 
transgenic line from multiple independent transformants was selected regarding their 
ability to silence GAL4-induced coexpression of UAS-Dscam::GFP that contains the 
target sequences. Coupling transgenic miRNA with Dscam::GFP with miRNA target 
sequences consistently led to a significant reduction in the level of Dscam::GFP 
expression (Figure S4-1E, J, O, P). In contrast, even the most potent transgenic miRNA 
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 lines, UAS-4a miRNA, UAS-4b miRNA and UAS-4c miRNA displayed minimal cross 
reactivity with the Dscam::GFPs that did not contain the target sequences (Figure S4-1). 
Though not all Dscam exon 4 variants were examined for UAS-miRNA’s specificity, 
results from the representatives of Dscam exon 4 variants from each group did suggest 
the minimal cross reactivity. The observations encouraged the use of these UAS-miRNAs 
for selectively knocking down the 4a, 4b or 4c containing Dscam transcripts in intact fly 
brains.  
We next examined how a broad induction of various Dscam-targeted miRNA 
affected the endogenous expression of Dscam in the developing Drosophila CNS. At 
wandering larvae stage immunostaining with an anti-Dscam exon 18 monoclonal 
antibody revealed the abundant Dscam proteins in the larval neuropils (Figure 4-1B). 
Encouragingly, pan-neuronal induction of all three miRNA transgenes efficiently 
silenced all Dscam splice variants (Figure 4-1C). Induction of either two sets of miRNAs 
left the overall expression pattern unchanged. The semi-quantification of the average 
pixel intensities based on anti-Dscam immunostaining signals showed that endogenous 
Dscam[4c] (Figure 4-1D), Dscam[4a] (Figure 4-1E) and Dscam[4b] (Figure 4-1F) had 
the comparable expression levels. Taken together, these observations demonstrate the 
feasibility of knocking down endogenous Dscam[4a], Dscam[4b] and Dscam[4c] or 
combination of any two subsets in the neurons of our interest.  
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 Particular subsets of Dscam exon 4 variants are required for MB neurons’ axonal 
morphogenesis  
To determine the roles of Dscam exon 4 variants in Dscam-dependent axonal 
morphogenesis, we first explored how silencing of specific Dscam exon 4 variants with 
those miRNA transgene affected the MB axonal morphogenetic processes. Transgenic 
miRNA was induced throughout MB development using GAL4-OK107. We primarily 
focused on analysis of α/β lobes, since they normally undergo Dscam-mediated axon 
bifurcation and MB α/β axons can be easily identified based on their strong 
immunoreactivity with the 1D4 monoclonal antibody (Figure 4-2A; Wang et al., 2002). 
First, GAL4-OK107-dependent induction of all three subsets of miRNAs or 18 miRNA 
(Shi et al., 2007) severely disrupted formation of α/β lobes (Figure 4-2D), reminiscent of 
Dscam mutant phenotypes (Wang et al., 2004). After using GAL4-OK107 to induce 
various miRNAs or combinations of any two subsets, we observed that only knockdown 
of particular Dscam exon 4 variants, Dscam[4a] and Dscam[4c], led to the disruption of 
MB lobes’ morphogenesis (Figure 4-2B) whereas knockdown of either combination of 
Dscam[4a] and Dscam[4b] or combination of Dscam[4b] and Dscam[4c] resulted in 
grossly normal MB lobe morphology (Figure 4-2D). Quantitative analysis of the 
abnormal phenotypes (n>100, each) revealed that around 40% of MB acquired the 
abnormal lobes after the knockdown of both Dscam[4a] and Dscam[4c] (Figure 4-2D).  
To further address the functional importance of Dscam[4a] and Dscam[4c] in the 
MB axonal morphogenesis, we combined a small intragenic deletion line with miRNA 
transgenic lines. Indeed, in the small deletion line C26-4 background that lacks the exon 
4 sequences 4.1-4.3 (Similar to removal of Dscam[4a] (Figure 4-2E)), induction of UAS-
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 4c miRNA resulted in the abnormal lobe formation (Figure 4-2C, D) while induction of 
UAS-4b miRNA exerted minimal effects on MB lobe morphology. Furthermore, the 
differences between Dscam[4c] knockdown and Dscam[4b] knockdown in the C26-4 
deletion line background were statistically significant (Figure 4-2D). These results further 
demonstrated that specific Dscam exon 4 variants were required for the MB axonal 
morphogenesis.  
Dominant expression of Dscam[4a] and Dscam[4c] over Dscam[4b] might 
explain why they played important roles in MB axonal morphogenesis. To address this 
possibility, we attempted to visualize the endogenous Dscam expression in the MB 
neurons by supplementing two sets of transgenic miRNA lines. We chose the wandering 
larvae stage to visualize the endogenous Dscam expression in the MB neurons because at 
this stage Dscam protein is abundantly expressed in the MB core fibers which consist of 
the young axonal bundles in the MB peduncle (circle in Figure S4-2A, Zhan et al., 2004) 
and furthermore knockdown of Dscam before this stage led to MB lobe defects (our 
unpublished data). After pan-neuronal induction of any two sets of miRNA transgenes, 
we quantified the expression of residual endogenous Dscam in the core fibers and further 
concluded that there was no dominant expression of Dscam[4a] and Dscam[4c] over 
Dscam[4b] [Figure S4-2(B-E)]. Together, the results suggest that certain Dscam exon 4 
variants are functionally distinct and required for the MB axonal morphogenesis.  
To explore further how other neurons in the olfactory circuitry require Dscam 
exon 4 variants for normal morphogenesis, we decided to focus on the well-characterized 
PNs. Different from MB’s relatively simple axonal branching patterns, PNs undergo 
more complex neurite projections/elaborations (Marin et al., 2002). It has been shown 
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 that Dscam is required for both axonal and dendritic morphogenesis of projection neurons 
(Zhu et al., 2006a). So we used the MARCM technique (Lee et al., 1999) to create PN 
vNb clones in which any two subsets of miRNA transgenes were induced by GH146-
GAL4. However, no apparent defects were observed in both axonal arborization and 
dendritic elaboration (Figure S4-3). These observations suggested that in the PNs most 
Dscam exon 4 variants might be functionally redundant. 
 
Dorsal cluster (DC) neurons may require most, if not all, Dscam exon 4 variants to 
perform proper axonal morphogenesis 
To examine whether specific Dscam exon 4 variants are broadly used to mediate 
diverse axonal morphogenesis, we further investigated whether and how knockdown of 
Dscam exon 4 variants affects the morphogenesis of DC neurons. For the DC Nb clones, 
in addition to the ipsilateral neurite elaboration in the lobular complex, their projections 
transverse the entire central brain and first elaborate in the lobula, then extend through 
the optic chiasm and finally into medulla (Figure 4-3A, Zheng et al. 2006). Interestingly, 
separate atonal-GAL4 dependent induction of UAS-4a miRNA, UAS-4b miRNA and UAS-
4c miRNA disrupted the axonal processes especially in the dorsal region and often these 
axons stall at the protocerebrum-optic lobe junction (arrows in Figure 4-3B-D). 
Quantitative analysis of the axonal processes revealed that depleting endogenous 
Dscam[4a] or Dscam[4b] or Dscam[4c] in the DC neurons significantly reduced the 
number of axonal processes compared to the wild type controls (Figure 4-3E) (4a 
knockdown, 7.4±1.2 versus control, 12.9±0.8).  
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 To further validate the phenotype caused by knockdown of Dscam exon 4 variants, 
we applied the MARCM technique (Lee et al., 1999) to create the DC Nb clones of small 
intragenic deletion line B7-2 (Figure 4-4J). In the DC clones of small deficiency B7-2, 
they were depleted with exon 4.3-4.6 similar to knockdown of Dscam[4b]. Indeed, these 
clones also displayed the significant reduction in the axonal processes consistent with 
knockdown of Dscam exon 4b variants (Figure 4-4C,E). In conclusion, DC neurons may 
require most Dscam exon 4 variants for proper axonal morphogenesis.  
 
Close match between neurons and their neighbor cells in terms of Dscam exon 4 variants 
usage might govern the proper axonal morphogenesis 
Currently, many evidences have supported the notion that Dscam is cell 
autonomously required for neuronal morphogeneis (Wang et al., 2002; Hummel et al., 
2003; Zhu et al., 2006a). However, the following data suggested that close match 
between Dscam exon 4 variants in the neurons and those Dscam exon 4 variants in the 
neighbor cells might help regulate the proper axonal morphogenesis (Fig. 4-4).  
As observed above, MARCM clones of Dscam small deficiency B7-2 disrupted 
DC neurons’ axonal morphogenesis (Figure 4-4C). Alternatively, we used the flip-out 
technique to create DC neuroblast clones in the B7-2 homozygous background. 
Interestingly, in this case, we observed no significant reduction in the number of axonal 
processes compared to the wild type controls (Figure 4-4D,E).  
To determine whether this mechanism also operates in the MB neurons, we used 
the tubulin-GAL4 to co-induce UAS-4a miRNA and UAS-4c miRNA. Different from MB 
specific knockdown of Dscam[4a] and Dscam[4c], depletion of these two subsets of 
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 Dscam variants from the entire organisms did not cause apparent MB lobe defects. One 
possibility for lack of MB phenotype in the Tubulin-GAL4 induction could be the weaker 
strength of GAL4. To rule out this possibility, we compared the GAL4 strength between 
OK107-GAL4 and Tubulin-GAL4 by examining their abilities to knock down the Dscam 
isoform without exon 23 which is dominantly expressed in the brain (Yu et al., 2009). 
Interestingly, we observed the similar degree of MB lobe defects in both inductions 
(Figure 4-4I) and thus ruled out the possibility of weaker GAL4 strength of Tubulin-
GAL4. To further substantiate this model, we also used both Tubulin-GAL4 and OK107-
GAL4 to induce UAS-4a miRNA and UAS-4c miRNA (Figure 4-4I). In this case, we only 
observed 20% of MB lobe defects compared to 40% MB lobe defects in OK107-GAL4 
induction. So the result supported the model that the more similar between MB neurons 
and their neighbor cells in terms of choices of Dscam exon 4 variants, the less severe the 
MB lobe defects.  
 
Discussion 
In this study, we applied the miRNA based RNA interference approach to explore 
the function of Dscam exon 4 variants. First, all three miRNA constructs showed good 
specificity and efficiency as our early study and others (Chen et al., 2007; Shi et al., 2007; 
Yu et al., 2009). With these constructs, we examined three different model neurons and 
found that different group of neurons might require distinct Dscam exon 4 variants to 
perform the axonal morphogenesis. In the MB neurons, they may require particular 
subsets of Dscam exon 4 variants. In the PNs, Dscam exon 4 variants might be 
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 functionally redundant. For the DC neurons, they may require most, if not all, Dscam 
exon 4 variants for normal axonal branching.  
One concern for miRNA based RNAi is off-targeting. However, we have multiple 
lines of evidence against this possibility. First, regarding the miRNAs’ off targeting to 
other non-targeted Dscam exon 4 variants region, the specificity assay suggested the 
minimal cross reactivity. Meanwhile, combination of small deletion line C26-4 with 
induction of UAS-4c miRNA led to the MB lobe defects similar to OK107-GAL4 
dependent induction of UAS-4a miRNA and UAS-4c miRNA and this consistency also 
suggested the minimal off-targeting of UAS-4a miRNA. For the off-targeting to other 
molecules that broadly regulate axonal morphogenesis, the PNs data suggested that it was 
very unlikely. Finally, the artificial miRNA with prefect match in the target could repress 
the expression of target contained Dscam isoforms through Ago2 which ensures the 
minimal off-targeting (Förstemann et al., 2007).  
In the highly compact brains, thousands of neurites from many different neurons 
often have their processes overlap with each other. However, it has been shown that 
within the same neuron, the neurites could achieve self-avoidance through homophilic 
Dscam interactions (reviewed in Millard and Zipursky, 2008). However, it remains 
unclear whether Dscam isoforms in different neurons could interact with each other and 
how the interactions among Dscam isoforms could potentially regulate the neuronal 
morphogenesis. Interestingly, the data in this study suggested that Dscam might interact 
with each other in different cells to regulate the neuronal morphogenesis. We propose 
that weak homophilic interaction among closely related Dscam isoforms might promote 
contact-dependent attraction (Figure 4-4A). First, most of closely related Dscam isoforms 
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 exhibited weak homophilic interactions in the in vitro affinity binding assays (Wojtowitz 
et al., 2007). Second, in contrast to the repulsive signaling triggered by strong Dscam 
homophilic interactions, the weak homophilic interaction might lead to attractive 
signaling and consequently attraction between different cell surfaces might become the 
driving force to guide the neuronal morphogenesis. Such a model would be consistent 
with the MB core fiber formation (Zhan et al., 2004). Among the different MB neurons, 
they expressed different combinations of Dscam isoforms. The weak homophilic Dscam 
interactions between the MB neuron’s young axons might contribute to their fasciculation.  
In addition to providing the evidence for Dscam mediated attraction between 
different cells, we also propose that complexity of neuronal morphology could determine 
the neuron’s requirement for the Dscam ectodomain variants. For instance, MB α/β 
neurons undergo simple axonal bifurcation and only particular subsets of Dscam exon 4 
variants were required. However, for the DC neurons which undergo multiple and 
elaborate axonal branching, they might require most, if not all, Dscam exon 4 variants. 
As to why MB neurons require those particular Dscam exon 4 variants, since preferential 
usage of Dscam isoforms cannot explain the specific requirement, it is likely that they 
could possess distinct functions. However, though PNs have complex axonal and 
dendritic morphology, the Dscam exon 4 variants were functionally redundant in these 
neurons. This raised the possibility that in the PNs their requirement for Dscam exon 4 
variants might not follow the grouping of 12 exon 4 alternatives in this study. It is likely 
that in the PNs, certain exon 4 variants in Dscam[4a], certain exon 4s in Dscam[4b] and 
certain exon 4 alternatives in Dscam[4c] are functionally redundant. Predictably, removal 
of these redundant Dscam exon 4 variants at the same time might disrupt the PNs’ 
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 neuronal morphogenesis. Thereby, further studies might be needed to address this 
possibility. 
In conclusion, the model of Dscam mediated repulsion couldn’t explain all the 
Dscam’s functions since Dscam important functions in early stages of neuronal 
morphogenesis might mask its functions in the later process of neuronal development. 
Further studies are needed to address the Dscam’s novel functions providing that 
manipulations could ensure Dscam’s functions during the initial neuronal morphogenesis.  
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Figure 4-1. Grouping of Dscam exon 4 variants and efficiency of various UAS-
miRNAs to knock down endogenous Dscam expression in the developing nervous 
system 
(A) Grouping of Dscam exon 4 variants according to the phylogenetic tree distance 
(Graveley et al., 2004). (B) 4a miRNA, 4b miRNA and 4c miRNA were constructed to 
target Dscam[4a], Dscam[4b] and Dscam[4c] respectively; each miRNA has 4 tandem 
stem loops that target 4 Dscam exon 4 variants and target sequences are labeled as the 
cross link and detailed information is available in the Materials and Methods section. (C-
G) composite confocal images of wandering larvae nervous system immunostained with 
an anti-Dscam Ab, following C155-GAL4-dependent induction of various miRNA 
constructs, including  UAS-4a miRNA plus UAS-4b miRNA and UAS-4c miRNA (C), 
UAS-4a miRNA plus UAS-4b miRNA (D), UAS-4b miRNA plus UAS-4c miRNA (E), UAS-
4a miRNA plus UAS-4c miRNA (F) 
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 Figure 4-2. Requirement of particular Dscam exon 4 variants for MB to perform the 
proper axonal morphogenesis 
 (A-C) Adult MB lobes visualized by 1D4 mAb. Compared with the wild type (A), 
induction of OK107-GAL4-dependent certain anti-Dscam miRNAs (see B and D) 
disrupted the formation of MB α/β lobes. Furthermore, the specific requirement was 
further confirmed by combining the small deficiency (E) with OK107-GAL4-dependent 
UAS-4c miRNA induction (C). N=100 in every condition.  
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Figure 4-3.  Most, if not all, Dscam exon 4 variants are required for atonal positive 
dorsal cluster (DC) neurons to undergo normal axonal branching.  
Compared with the wild type clone (A), induction of 4a miRNA, 4b miRNA and 4c 
miRNA in the DC Nb clones (B-D), specifically disrupted the axonal branching in the 
dorsal region (B-D, arrow). The number of axonal branches on the optical chiasm was 
quantified (E) n= 20, expressed as Mean ± SD.  
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 Figure 4-4. The model for Dscam-mediated attraction (A).  
(B-D) DC neurons’ axonal branching on the contralateral side. Compared with wt (B), 
MARCM clones of B7-2 caused the significant reduction of axonal branch number (C, E) 
while flip-out clone of B7-2 had minimal effects on the axonal branch number (D,E).(F-
H) adult MB lobes visualized by 1D4 mAb. Compared with wt (F), OK107-GAL4-
dependent MB specific knockdown of certain Dscam exon 4 variants disrupted the lobe 
morphology (G) while depletion of these specific Dscam exon 4 variants from the entire 
organism by using Tubulin-GAL4 dependent induction minimally affected the MB lobe 
morphology (H). (I) quantification of MB phenotypes after induction of OK107-GAL4 
and Tubulin-GAL4 mediated various miRNAs. N=20 in conditions (B-E) and N=100 in 
conditions (F-I). 
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Figure S4-1. Specificity of various UAS-miRNAs to silence the UAS-transgenes.   
Composite confocal images of wandering larval (WL) MBs showing suppression of the 
GAL4-201Y-dependent induction of UAS-Dscam transgenes with GFP tag containing 4.2, 
4.4, 4.8, 4.12 by UAS-4a miRNA (E-H), UAS-4b miRNA (I-L) and UAS-4c miRNA (M-P), 
respectively.  
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Figure S4-2. No dominant expression of particular Dscam exon 4 variant in the MB 
neurons 
Single confocal image of wandering larval MBs showing the expression of endogenous 
Dscam in the MB core fibres (circle, A). Visualization of endogenous Dscam expression 
after pan-neuronal induction with C155-GAL4 of UAS-4a miRNA plus UAS-4b miRNA 
(B), or UAS-4b miRNA plus UAS-4c miRNA (C), or UAS-4a miRNA plus UAS-4c miRNA 
(D). Quantification of endogenous Dscam expression after induction of two subsets of 
miRNAs (E) revealed no significant (NS) difference, N=8 in every condition, expressed 
as Mean±SD. 
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 Figure S4-3. Most Dscam exon 4 variants might be functionally redundant in the 
vPN Nb clones.  
MARCM-labeled adult vPN Nb clones. Compared with the dendrites (A) and axons (B) 
in the wild-type clone, induction of 4a+4b miRNA, 4b+4c miRNA, and 4a+4c miRNA in 
vPN Nb clones (C-H) minimally affected the dendritic (C, E and G) and axonal 
morphogenesis (D, F and H). N≥9 in every condition. 
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Chapter V 
 
 
Regulation of Neuronal Morphogenesis by Drosophila  
Kruppel-homolog1 
The following work was published in Developmental Neurobiology: 
 
Shi L, Lin S, Grinberg Y, Beck Y, Grozinger CM, Robinson GE, Lee T.  Dev Neurobiol. 
2007 Oct; 67(12):1614-26. 
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 Summary 
The molecular mechanisms of neurite complexity remain poorly understood. In 
honey bee workers, the transition to foraging behavior is accompanied by profound 
changes in gene expression and biogenic amine levels in the brain, as well as increased 
branching in the mushroom body (MB) neurons. Interestingly, expression of the Apis 
mellifera homolog of the Drosophila Kruppel homolog 1 (Kr-h1) gene is persistently 
elevated in the brains of foraging bees. In this study, the roles of KR-H1 in the 
Drosophila neurite complexity were examined. Increased expression of Kr-h1 caused 
reduced branching in individual neurons and gross morphological changes in the MBs, 
whereas depletion of Kr-h1 failed to elicit any apparent neuronal morphogenetic defects. 
Furthermore, Drosophila Kr-h1 is expressed at a time when no active morphogenesis of 
MB neurons occurs, suggesting that it may potentially inhibit neuronal morphogenesis. 
Furthermore, loss of endogenous KR-H1 only promoted the neuronal morphogenesis that 
was otherwise much delayed due to the defective TGF-β signaling. In addition, Kr-h1 
expression is closely correlated with ecdysone dependent pathways: Kr-h1 expression is 
regulated by usp, which forms heterodimers with the ecdysone receptor, and Kr-h1 
expression is essential for the proper patterning of the ecdysone receptor isoforms in the 
late larval central nervous system. Taken together, although KR-H1 might potentially 
modulate neuronal morphogenesis, it seems physiologically involved in coordinating the 
general ecdysone pathway.  
 
Introduction 
Neurite branching/arborization are complex processes and they require the 
dynamic changes within the individual cells and interactions between multiple cell types. 
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 In the process of axonal navigation along the stereotyped path, the axons also need to 
branch to innervate multiple target areas. As a result, many important neurobiological 
processes, such as development, learning and memory and aging require the proper 
neurite branching/arborization. However, how the neurite complexity is regulated at the 
molecular level remains poorly understood.  
Neurite complexity increases when honey bee workers shift from in-hive tasks 
such as brood care (nursing) to foraging. Different from nursing, foraging is a highly 
complex task, requiring flight, orientation, navigation, and landmark memory. In addition, 
foragers convey the information of a food source to nestmates via a symbolic dance 
language, a process which requires the foragers to use an odometer based on visual flow 
to calculate the distances from the hive to the food source (Esch et al., 2001). In order to 
achieve these new and complex behaviors and skills, honey bee brains undergo dramatic 
changes during the transition from the in-hive tasks to foraging. Interestingly, foragers 
also have dramatic increases in the volume of their mushroom bodies (MBs) (Farris et al, 
2001), the anatomical area in the insect brain that is associated with higher order sensory 
processing and learning and memory (Fahrbach et al., 2006). This increase in the volume 
seems to be caused by the increased neurites branching in the MB neurons (Farris et al., 
2001). Intriguingly, this increased neurite branching and outgrowth occurs before bees’ 
transition to foraging behaviors and continues after they gain foraging experience 
(Fahrbach et al., 1998; Farris et al., 2001; Ismail et al., 2006).  
Microarray studies have demonstrated that expression of around 3000 genes is 
significantly different between foragers and nurses (Whitfield et al., 2003). The changes 
in these genes’ expression profile may underlie the behavioral changes from nursing to 
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 foraging. However, it remains very difficult to examine the functions of these genes in 
the honey bee brain. Thereby, we relied on the Drosophila to better determine their 
functions in regulating the neurite complexity.  We focused on one of the genes, Kruppel-
homolog 1 (Kr-h1) that encodes a zinc transcription factor. In the bees, increased Kr-h1 
expression is closely correlated with foraging behavior (Grozinger and Robinson, 2006). 
Further, there is elevated expression of Kr-h1 in the bee MBs when adult MB neurons 
undergo increased neurite growth, branching and synapse formation (Grozinger et al., 
2003). In Drosophila, Kr-h1 plays a role in orchestrating the ecdysone transcriptional 
pathways during embryogenesis and metamorphosis (Pecasse et al., 2000). In addition, 
ectopic expression of Kr-h1 in Drosophila leads to axon pathfinding defects (Kraut et al., 
2001), suggesting its potential involvement in the neuronal morphogenesis. Furthermore, 
in the insect MBs, ecdysone plays an important role in neurite outgrowth and remodeling 
(Kraft et al., 1998; Lee et al., 2000). Given its involvement in orchestrating the ecdysone 
dependent signaling pathways, KR-H1 may also be specifically involved in ecdysone-
regulated neuronal morphogenesis. 
To determine whether Drosophila Kr-h1 is involved in regulating neurite 
branching/arborization, we analyzed the effect of altered Kr-h1 expression on gross 
neural morphology. With MARCM (Mosaic Analysis with a Repressible Cell Marker) 
technique, we spatially and temporally controlled the expression of Kr-h1. MARCM has 
allowed us to label specific neurons based on the lineage and birth order as well as 
manipulate the gene function in the positively labeled cells in otherwise wild type 
background (Lee and Luo, 1999; Lee and Luo, 2001). The technique is particularly useful 
in the case of Kr-h1, since Drosophila Kr-h1 mutants die either around larval hatching or 
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 during metamorphosis (Pecasse et al., 2000; Beck et al., 2004), making it difficult to 
explore its functions in the adult neuronal morphogenesis. Finally, we observed the 
interaction of neuronal expression of Kr-h1 with ecdysone transcriptional networks 
(Truman et al., 1994; Lee et al., 2000) and TGF-β regulation of axon growth (Zheng et al., 
2003, 2006).  
 
 
Materials and Methods 
Fly strains 
Fly strains used in this study include (1) Kr-h1[1]/CyO-GFP (Beck et al., 2004); 
(2) EP2289 (Kraut et al., 2001); (3) GAL4-201Y (Yang et al., 1995); (4) GAL4-OK107 
(Connolly et al., 1996); (5) 247-GAL4 (McGuire et al., 2001); (6) ato-GAL4 (Hassan et 
al., 2000); (7) tubP-GAL80[ts] (McGuire et al., 2003); (8) UAS-mCD8::GFP (Lee and 
Luo, 1999); (9) FRT40A,Kr-h1[1]/CyO; (10) FRT40A/CyO; (11) hs-FLP,UAS-
CD8::GFP;FRT40A,tubP-GAL80;GAL4-OK107; (12) FRT19A,usp[2]/FM7; (13) hs-
FLP,tubP-GAL80,FRT19A; UAS-mCD8::GFP;GAL4-OK107; (14) 
FRTG13,babo[9],UAS-mCD8::GFP/CyO (Zheng et al., 2006); (15) Kr-
h1[1],FRTG13,babo[9],UAS-mCD8::GFP/CyO; (16) Kr-h1[1],FRTG13,tubP-
GAL80/CyO. 
 
Genetic mosaics 
For generation of various MARCM clones, synchronized flies with appropriate 
genotypes were incubated at 370C for 40 min at various developmental stages as 
described previously (Lee et al., 1999; Zheng et al., 2006). 
                                                                  128
 Immunostaining and confocal analysis 
Preparation as well as immunostaining of both larval CNS and adult brains was 
performed as described previously (Lee et al. 1999; Lee and Luo, 1999). The rabbit 
polyclonal anti-KR-H1 Ab (Beck et al., 2004), AD4.4 mAb (for detecting EcR-B1; 
Talbot et al. 1993), BP106 mAb, 1D4 mAb, and anti-mCD8 mAb were used at 1:1000, 
1:20, 1:50, 1:50, and 1:100, respectively. Fluorescent signals were captured with confocal 
microscopy and processed with Adobe Photoshop. 
 
Geometric reconstruction and morphometric analysis of axon passages 
Semiautomatic geometric reconstruction of neuronal architecture from stacks of 
confocal images was done using the Skeleton function in Amira 3.1 (TGS; Evers et al., 
2005). Based on the lengths of individual branches/segments, we manually identified the 
longest linear process (e.g. the magenta process in Figure 5-4C&D) and the second 
longest linear process (e.g. the green process in Figure 5-4C&D) for each axon passage, 
which together constitute its main trajectory. The total collateral (e.g. all the uncolored 
processes in Figure 5-4C&D) length was then derived by subtracting the length of the 
main trajectory from the total passage length; and the degree of branching (total collateral 
length percentage) was ultimately calculated by dividing the total collateral length by the 
total passage length. 
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 Results 
Determination of endogenous Kr-h1 expression in the larval CNS and ectopic expression 
in transgenic strains 
Evolutionarily conserved mechanisms may mediate dynamic changes in the MB 
neuronal complexity among various insects. Given KR-H1’s possible involvement in 
modulating honeybee’s MB neuronal complexity, we set out to determine roles of KR-H1 
in the Drosophila MB neuronal morphogenesis. To this end, we examined if Kr-h1 is 
expressed in the developing Drosophila MBs.  
With a rabbit polyclonal antibody against the common C terminal region of KR-
H1 α and KR-H1 β (Beck et al., 2004), we examined the KR-H1 expression during the 
wandering larval stage and observed a broad, but slightly weaker expression of KR-H1 in 
the MB cell bodies than in the surrounding non-MB cells (Figure 5-1A&B).  
The Drosophila Kr-h1 gene encodes three mRNA isoforms― Kr-h1α, Kr-h1 β, 
Kr-h1 γ (Pecasse et al., 2000). Given the dominant presence of Kr-h1α transcript after 
hatching, we further determined the Kr-h1 expression in the Kr-h11 mutants which should 
specifically lack expression of this transcript. Indeed, at the wandering larval stage KR-
H1 immunoreactivity was completely absent in the Kr-h11 mutant (Figure 5-1C&D) and 
MB cell bodies region that could be determined by their abundant expression of the 
ecdysone receptor-B1 (Lee et al., 2000).  
Next, we wanted to characterize the ectopic expression of Kr-h1 in the EP2289 
strain. The EP2289 strain carries a P element with multiple copies of UAS in the 5´ 
untranslated region of Kr-h1 α (Abdelilah-Seyfried et al., 2001), which allows targeted 
overexpression of Kr-h1 in EP2289 heterozygous organisms. For instance, GAL4-201Y 
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 (Yang et al., 1995) dependent induction of EP2289 as well as UAS-mCD8-GFP led to the 
higher KR-H1 expression in the mCD8-GFP-positive MB neurons (Figure 5-1E&F). All 
the immunostaining results showed that one could knock down larval expression of Kr-h1 
in Kr-h11 mutant clones and ectopically express Kr-h1 by combining various GAL4s with 
EP2289.  
 
Dispensable roles of Kr-h1 for the proper MB morphogenesis 
To evaluate the hypothesis that altered Kr-h1 expression level might affect the 
neuronal morphological complexity, we first examined how the loss of KR-H1 could 
affect MB neuronal morphogenesis. In this study, we used the Kr-h11 mutant organisms 
which can survive until pupal formation. To determine the function of Kr-h1 in the MBs, 
we generated homozygous Kr-h11 MB clones in otherwise heterozygous organisms. The 
mutant clones were created at the different timings of post-embryonic development. With 
MARCM technique, one could specifically label either the entire morphologies of the 
multicellular mutant clones or single-cell mutant clones for a detailed phenotypic analysis 
in adult brains. In this study, both the multicellular MB Nb clones created at the newly 
hatched larvae (NHL) and the single cell MB clones created at either NHL or mid-pupal 
stage were analyzed.  
One adult MB possesses five axon lobes that can be determined by their axon 
projection patterns and birth orders. The γ, β´ and β lobes extend horizontally toward the 
midline, while the α´ and α lobes project dorsally and perpendicularly with those 
horizontal lobes; and the γ, α´/β´, and α/β neurons extend their axons into the γ lobe, the 
paired α´/β´ lobes, and the paired α/β lobes, respectively. Interestingly, given the different 
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 birth order of these distinct MB neurons from common progenitors, it is possible to 
obtain subtype specific single cell MB clones by heat-shock induced mitotic 
recombination at the different developmental stages (Lee et al., 1999). Among all the MB 
neurons, only γ neurons undergo neuronal remodeling which alters the neurite projection 
patterns during the early metamorphosis (Lee et al., 1999).  
In general, no apparent morphological differences could be observed between Kr-
h11 mutant clones and the wild type controls (Figure 5-2). For instance, between mutant 
and wild type the MB Nb clones generated at the NHL acquired all five intact MB lobes 
(Figure 5-2A&B). Further, compared to the wild type control (Figure 5-2C), single cell 
Kr-h11  mutant clones of MB γ neurons which were generated at NHL showed no defects 
in terms of  neurite remodeling during early metamorphosis (Figure 5-2D). In addition, 
the neurite arborization or complexity in the mutant remained comparable to the wild 
type control (Figure 5-2C&D; Figure 5-4I). These observations suggest that KR-H1 alone 
is dispensable for MB neuronal morphogenesis, including the remodeling of MB γ 
neurons.  
 
Inhibition of initial neuronal morphogenesis by ectopic KR-H1 expression 
We then characterized how ectopic expression of KR-H1 affects the MB axonal 
morphogenesis. Ectopic expression of Kr-h1 was obtained by GAL4-dependent induction 
of EP2289 (Figure 5-1E&F). With 1D4 mAb or co-expression of UAS-mCD8-GFP, we 
could visualize the MB lobe morphologies at the adult stage. Interestingly, distinct results 
were observed with different MB GAL4 drivers. Among GAL4-OK107 (Connolly et al., 
1996), GAL4-201Y (Yang et al., 1995), and 247-GAL4 (McGuire et al., 2001), only 
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 GAL4-OK107-induced ectopic expression of EP2289 led to abnormal MB lobes [Figure 
5-3(A-C)]. Under this circumstance, excessive KR-H1 potently suppressed MB axonal 
morphogenesis where MB axon lobes were largely missing or misshapen and variably 
truncated (e.g. Figure 5-3A). Given the potential GAL4 induction in non MB cells, it is 
likely that the MB lobes defects could be caused by the surrounding non-MB 
environment. However, we ruled out this possibility since analogous phenotypes of MB 
were observed in the MARCM-labeled MB Nb clones for the GAL4-OK107-dependent 
induction of EP2289 (data not shown).  
Among these GAL4s used in this study, GAL4-OK107 can continuously induce 
the UAS-transgene through the MB neurogenesis and morphogenesis whereas the other 
two MB GAL4s are largely confined to the mature post-mitotic neurons (Kurusu et al., 
2002; Zhu et al., 2006b). Given the differential temporal induction of transgene it is 
conceivable that only GAL4-OK107-induced EP2289 could disrupt the MB lobe 
formation. Since MB neurogenesis is a protracted process, we wanted to examine if any 
delay in the GAL4-OK107-induced EP2289 could selectively affect the later born distinct 
subsets of MB neurons while sparing those early born MB neurons that lack ectopic KR-
H1 expression. To temporally control the GAL4-OK107-dependent induction of EP2289, 
we applied the temperature-sensitive GAL4 repressor, GAL80[ts] (McGuire et al., 2003). 
Organisms with the genotype EP2289/UAS-mCD8::GFP; tubP-GAL80[ts]/+; GAL4-
OK107/+  were initially raised at a permissive temperature and then at various later 
stages transferred to the restrictive temperature for the induction of ectopic KR-H1. One 
adult MB is composed of thousands of sequentially derived neurons that undergo 
morphogenesis shortly after the birth of neurons and orderly populate distinct sets of MB 
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 lobes (Lee et al., 1999). Given the γ→α´/β´→α/β birth order of MB neurogenesis, if 
ectopic KR-H1 only affects initial morphological differentiation, one would predict that a 
late induction of ectopic KR-H1 could preferentially impair the extension of α/β lobes.  
Consistent with this prediction, the induction of EP2289 at various stages by 
tubP-GAL80[ts] controlled GAL4-OK107 selectively spared the MB lobes from defective 
axonal morphogenesis [Figure 5-3(D-O)]. For instance, all the MB γ lobes remain intact 
after de-inhibition of GAL4-OK107 since the mid-3rd instar stage [e.g. Figure 5-3(G-I)], 
but in order to have the intact γ as well as α/β lobe projections the suppression of GAL4-
OK107 is needed until pupal formation (e.g. Figure 5-3J&K). In addition, induction of 
EP2289 at the time of adult eclosion does not cause any apparent MB axonal 
morphogenetic defects [e.g. Figure 5-3(M-O)]. Taken together, these results support the 
notion that ectopic KR-H1 selectively suppresses the initial morphological differentiation 
of MB neurons with minimal effects on those pre-established neuronal trajectories.  
 
Blockage of MB γ axonal re-elaboration by postmitotic ectopic expression of KR-H1 
All the above findings further suggest that overexpression of KR-H1 does not 
broadly inhibit the axonal morphogenesis, since γ neuron projections remain intact 
despite the induction of ectopic KR-H1 after birth of  γ neurons but during the γ neurons´ 
remodeling. However, there might be subtle neurite morphogenetic defects masked by 
the grossly normal morphology of thousands of axons at one time. To examine the 
potential morphogenetic defects, we created the single cell clones which ectopically 
expressed KR-H1.  
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 First, we generated single cell clones of MB γ neurons at the NHL which are 
GAL80-negative. We have learned earlier (judging from the induction of UAS-reporter 
genes) that, possibly due to perdurance of pre-existing GAL80 mRNA and protein, 
apparent de-inhibition of GAL4 in single-cell clones of MB neurons would not happen 
until pupal formation (T. Lee, unpublished results). Therefore, in this case, GAL4-
OK107-induced ectopic expression of KR-H1 should be confined to those already 
differentiated single-cell clones of GAL80-minus post-mitotic γ neurons. In addition, 
MARCM-labeled single cell clones also allow one to characterize individual neurite 
projection/elaboration patterns in detail. Earlier single cell analysis also showed that 
wild-type MB γ neurons constantly sent axons through the entire γ lobe but they might 
have some very distinct axonal arborization patterns within the γ lobe (Zhu et al., 2005). 
We first observed that, following induction of EP2289, NHL-born MB γ neurons fully 
extended axons along the γ lobe (Figure 5-4B). However, careful scrutiny revealed that 
they acquired the fewer and shorter axon arbors than wild type NHL-born MB γ neurons 
(e.g. Figure 5-4B, compared with Figure 5-4A).  
To further validate this, we quantified the percentages of total collateral lengths in 
individual axonal trees within the γ lobes. Briefly, for each single-cell clone of adult γ 
neuron, we semi-automatically generated its axonal tree using Amira with Skeleton 
module [e.g. Figure 5-4(C-H); Evers et al., 2005]. The morphometric analysis of an 
axonal tree then involved sequential designation of the primary and secondary neurites 
based on the lengths of individual possible linear processes (e.g. the colored processes in 
Figure 5-4C&D). All other branches were further collectively referred to as the 
collaterals of the axon passage (e.g. all the uncolored processes in Figure 5-4C&D). The 
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 percentage of total collateral length for a given axonal tree was ultimately derived by 
dividing the total collateral length by the total passage length. In contrast with the total 
passage lengths that could vary significantly depending on the main trunks’ trajectories, 
the percentages of total collateral lengths are consistently around 24.1±2.5% (mean ±SE) 
in wild type NHL-born adult neurons (Figure 5-4I) and apparently reveals the degree of 
axon branching regardless of the shapes of the trees.  
Based on these criteria, post-mitotic induction of ectopic KR-H1 did significantly 
inhibit the re-elaboration of γ axons during early metamorphosis. Its averaged percentage 
of total collateral length drops to 16.6± 2.0% (Figure 5-4I). In contrast, Kr-h1 mutant γ 
neurons’ percentages of total collateral lengths average 27.4±1.0% and remain 
statistically comparable to the wild type controls’ (Figure 5-4I). Taken together, 
excessive KR-H1 could effectively antagonize diverse axonal morphogenetic processes 
in Drosophila. However, loss-of-Kr-h1 mosaic analysis lacked any evidence for the 
requirement of endogenous KR-H1 in MB morphogenesis.  
 
 
Negative correlation between expression levels of KR-H1 and neuronal morphogenesis in 
the developing MBs 
To provide better explanation for these paradoxical phenomena, we re-
characterized endogenous KR-H1 expression in the developing MBs. First, we examined 
the expression pattern of KR-H1 during the normal neuronal morphogenesis. With anti-
KR-H1 pAb, we attempted to localize the endogenous KR-H1 in MB neurons that were 
undergoing active morphological differentiation shortly after birth. For the newly derived 
MB neurons that could be recognized as small clusters of very weak GAL4-OK107-
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 positive cells in the regions of MBs [outlined with white dashes in Figure 5-5(A-C)] (Zhu 
et al., 2006b), they minimally expressed the KR-H1. However, the surrounding mature 
MB neurons that were strongly positive for GAL4-OK107 expressed abundant KR-H1 
[Figure 5-5(A-C)]. Interestingly, KR-H1 was also abundantly expressed in MB Nbs, as 
seen in one much larger KR-H1-positive cell per MB lineage [arrows in Figure 5-5(A-C)]. 
These different expression patterns suggest that despite the broad expression pattern, Kr-
h1 is minimally expressed during the initial morphological differentiation of MB neurons.  
We further examined Kr-h1 expression in the MBs through early pupal stages, 
and observed that dynamic changes in the expression of KR-H1 also exist during the 
remodeling of MB neurites. After a brief MB-specific enhancement of KR-H1 expression 
a broad depletion of KR-H1 apparently occurred shortly after pupal formation [Figure 5-
5(D-L)]. At the wandering larval stage, KR-H1 expression is weaker in the differentiated 
MB neurons than their surrounding non-MB cells [Figure 5-5(D-F)]. In contrast, MB 
neurons possess more abundant KR-H1 than the non-MB cells during the first eight hours 
of pupation [Figure 5-5(G-I)]. But drastic changes subsequently happen to the overall 
level of KR-H1 as well as its subcellular localization throughout the entire pupal brain 
[Figure 5-5(J-O)]. It appears that KR-H1 proteins become largely absent and their 
residues, now present in fine granules, are redistributed to the cell body periphery [Figure 
5-5(K-O)].  
We further quantified the levels of KR-H1 based on its immunoreactivity in 
various simultaneously treated tissues. On average, there is a 50% increase followed by a 
60% reduction in KR-H1 abundance in MB neurons during these early pupal stages. 
Since re-elaboration of pruned MB neurites normally does not occur until 12 hours after 
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 pupal formation (Lee et al., 1999), these observations again support the notion that KR-
H1 expression and/or function is selectively suppressed when there is active MB neuronal 
outgrowth. Thereby, despite the broad expression pattern, KR-H1 expression is largely 
absent in the MB neurons that undergo active morphogenesis and this potentially explains 
why endogenous KR-H1 does not play obvious roles in modulating the MB neurite 
formation/elaboration.  
 
Requirement of USP, a regulator of ecdysone signaling for KR-H1 expression in 
postmitotic MB neurons 
Considering ectopic KR-H1’s strong anti-morphogenetic activity, neurons might 
need to downregulate the KR-H1 during the active morphogenesis phase. One potential 
regulator is prepupal ecdysone peak which could govern the diverse cellular/molecular 
changes during the pupal formation (Thummel et al. 1996). We wondered if dynamic 
KR-H1 expression is also governed by the ecdysone signaling. To address this possibility, 
we examined if loss of ultraspiracle (usp) from MB progenitors and their subsequently 
derived progeny could alter the Kr-h1 expression. usp encodes a common receptor which 
could form various heterodimers with ecdysone receptors, and is essential for diverse 
cellular responses to ecdysone, including remodeling of MB neurons during early 
metamorphosis (Thomas et al., 1993; Yao et al., 1993; Hall and Thummel, 1998; Lee et 
al., 2000).  
First, we created Nb clones of usp2 (Oro et al., 1992) homozygous mutant MB 
neurons at NHL and then characterized the expression of KR-H1 in these clones at the 
wandering larval and early pupal stages.  Interestingly, compared to the adjacent 
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 heterozygous neurons that abundantly expressed Kr-h1 until around 12 h after pupal 
formation, the usp mutant clones minimally expressed Kr-h1 at all stages examined [e.g. 
Figure 5-5(P-R)]. Therefore, loss of USP, thus ecdysone signaling apparently depleted 
the Kr-h1 expression in mature MB neurons.  
We also observed that KR-H1 exists abundantly in wild type MB Nbs [arrows in 
Figure 5-5(A-C)]. However, different from the observations in the mature MB neurons, 
usp mutant MB Nbs had comparable KR-H1 immunoreactivity with non-usp-mutant MB 
Nbs (data not shown). These observations suggest that USP selectively regulated Kr-h1 
expression in mature MB neurons, but not in neuroblasts. This further implies that the 
dynamic Kr-h1 expression during early metamorphosis might be programmed as part of 
the developmental hierarchy orchestrated by the prepupal ecdysone peak as well.  
 
Antimorphogenetic activity of endogenous KR-H1 in babo mutant adult-specific neurons 
Considering KR-H1’s potent anti-morphogenetic activity and its dynamic 
expression, neurons that undergo active morphogenesis might need to constantly suppress 
the Kr-h1 expression. However, we identified dorsal cluster of Atonal-positive (DC) 
neurons (Figure 5-6A) which have significant expression of Kr-h1 and undergo their 
initial morphogenesis at the mid-3rd instar stage (Figure 5-6B&C). The cell bodies of DC 
neurons are seen at the junction of central brain and the developing optical lobe (arrows 
in Figure 5-6). Unlike MB neurons, most of DC neurons extend neurites across the entire 
central brains at the mid-3rd instar stage (Zheng et al. 2006). The observation that 
endogenous KR-H1 was expressed during DC neurons’ initial morphogenesis led us to 
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 speculate whether the physiological expression of Kr-h1 possesses any anti-
morphogenetic activity.  
An early study showed that Baboon (Babo) TGF-β type I receptor is required in 
DC neurons for their timely morphogenesis at the mid-3rd instar stage (Zheng et al., 2006). 
The MARCM clones of babo mutant DC neurons delay their initial morphogenesis 
(Figure 5-6D compared with Figure 5-6A). Different from the wild type controls (Figure 
5-6A) which have neurites at both central brain-optic lobe junctions at the wandering 
larval stage, the babo mutant clones often fail to extend their neurites into the contra-
lateral brain lobes. To explore whether endogenous Kr-h1 expression inhibits DC 
neurons’ initial morphogenesis, we explored the possibility whether depletion of KR-H1 
could partially restore the delayed morphogenesis defect in the babo mutant DC neurons. 
For the Kr-h11 mutants, they contain recessive lethal mutation that affects the pupation 
since Kr-h11 mutant organisms are grossly normal until the initiation of pupal formation. 
Thereby, we generated MARCM clones of babo mutant DC neurons in Kr-h11 mutant 
larvae and examined their neurite trajectories at the wandering larval stage.  
First, we did not observe any developmental delays for the Kr-h11 homozygotes 
into wandering larvae compared to their heterozygous siblings. Further, we observed 
near-full extension of DC neurites in all the four collected babo mutant DC Nb clones 
(e.g. Figure 5-6E). Encouragingly, those mutant neurites could send the projections 
across the central brain although they failed to fan out at the junctions between the larval 
central brain and the developing optic lobe (Figure 5-6E). Thereby, loss of endogenous 
KR-H1 efficiently accelerated babo mutant DC neurons’ initial morphogenesis, providing 
the first evidence for a physiological role of Kr-h1 effectively antagonizing the neuronal 
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 morphogenesis. However, loss of KR-H1 alone (with intact TGF-β signaling) doesn’t 
cause any obvious effect on the mature DC neurons’ neurite projection (data not shown).  
 
Involvement of Kr-h1 in patterning ecdysone expression in the larval CNS  
Depletion of KR-H1 in either MB or DC neurons doesn’t affect their 
morphogenesis, suggesting that despite its anti-morphogenetic activity, KR-H1 is not 
normally required to regulate neuronal morphogenesis by blocking neurite growth. 
However, since Kr-h1 is broadly expressed in the larval CNS, it is possible that KR-H1 
might function in some aspects of the larval CNS development. Thereby, we sought to 
examine directly if any abnormality might exist in the developing nervous system of Kr-
h1 mutants prior to pupal formation when the majority of organisms lacking larval 
expression of Kr-h1 could not survive (Pecasse et al., 2000). Exploring what is wrong in 
the larval CNS through development of such mutant tissues should provide some useful 
insights on KR-H1’s physiological functions in vivo.  
During the development of Drosophila larval CNS there are a second prolonged 
phase of neurogenesis and subsequent formation of initial trajectories of adult circuitry 
(Truman and Bate, 1988; Truman et al., 2004; Pereanu and Hartenstein, 2006). 
Furthermore, the entire CNS, including larval functional neurons and those partially 
differentiated adult-specific neurons, ultimately matures in response to the prepupal 
ecdysone peak at the wondering larval stage. During this period, distinct ecdysone 
receptor (EcR) isoforms are induced to initiate different ecydysone dependent 
developmental programs in different neurons (Truman et al., 1994). For instance, during 
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 the early metamorphosis the EcR-B1 isoform is preferentially enriched in the larval 
functional MB neurons to promote neuronal remodeling (Lee et al., 2000).  
To explore how the expression of Kr-h1 prepares the late larval CNS for 
metamorphosis, we examined the expression of EcR-B1 in the CNS of wild type versus 
Kr-h11 mutant during the wandering larval stage. Compare to the wild type (Figure 5-7A), 
the Kr-h11 mutant showed aberrant EcR-B1 expression at the larval CNS (Figure 5-7B). 
This was not due to the developmental defect since the mutant larvae did not show 
obvious developmental delay for the overall growth. Close inspection showed that a 
broader pattern of EcR-B1 expression existed in the brain lobes (data not shown) as well 
as the ventral nerve cord (VNC) (Figure 5-7D compared with Figure 5-7C). In particular, 
we observed that many EcR-B1-positive cell bodies located in the middle of each VNC 
hemi-segment where EcR-B1 is normally not expressed (Figure 5-7D). One possibility 
for the aberrant expression of EcR-B1 is altered neural circuitry in the larval CNS. To 
address this, we examined the larval development of adult-specific neurons by visualizing 
the pre-pupal neurite tracks of secondary lineages using the global marker BP106 
(neurotactin) (Truman et al., 2004; Pereanu and Hartenstein, 2006). Interestingly, 
analogous patterns of secondary lineage tracks were observed in both wild type controls 
and Kr-h11 mutants [Figure 5-7(E-L)]. This observation again suggests that there is no 
direct involvement of KR-H1 in neuronal morphogenesis and further shows that Kr-h11 
mutant CNS is anatomically normal. Taken together, depletion of KR-H1 causes many 
grossly normal cells to ectopically express EcR-B1, indicating that KR-H1 is selectively 
involved in the non-morphogenetic aspects of neural development.  
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 Discussion 
Kr-h1 has been shown to orchestrate the ecdysone signaling pathway during the 
Drosophila metamorphosis (Beck et al., 2004). However, in this study, it is found that 
Kr-h1 was dispensable for the ecdysone-dependent neuronal remodeling of MB γ neurons. 
Rather, multiple lines of evidence support the notion that Kr-h1 could negatively 
influence the neuronal morphogenesis. First, ectopic KR-H1 blocks the initial 
morphological differentiation of MB neurons. Second, Kr-h1 is abundantly expressed in 
the larval CNS and however the expression is strongly downregulated when the active 
neuronal morphogenesis of MB neurons occurs. Lastly, Kr-h1 might inhibit the proper 
neurite elaboration/projections when the TGF-β signaling is defective because loss of Kr-
h1 could partially restore the delayed morphological defects in the babo mutants’ clone. 
Thereby, Kr-h1 is not normally required for the proper neuronal morphogenesis. Instead, 
it might orchestrate the general ecdysone signaling pathways during embryogenesis and 
metamorphosis (Pecasse et al., 2000). In the Kr-h11 mutant, there was aberrant ecdysone 
expression pattern in the larval CNS, suggesting that Kr-h1 might also regulate the 
ecdysone signaling pathways. Further, USP could form heterodimers with various 
ecdysone receptors and in the usp Nb clone, the Kr-h1 expression was strongly 
downregulated. However, in the usp Nb, the Kr-h1 expression was comparable to non-
usp-mutant MB Nb. So these observations suggest that Kr-h1 is differentially regulated in 
the neuroblast and post-mitotic mature neurons, further elucidation of the mechanisms 
would help us understand the molecular switch between neuroblast and differentiated 
neurons.  
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 Though Kr-h1 is not directly involved in the neuronal morphogenesis, it is likely 
that it might alter the neural properties. Though neurite complexity involves a lot of 
morphological changes, there are other changes in neural properties, such as 
neurotransmitter receptors and signaling pathway that may accompany the circuitry 
formation. For instance, in the MBs, foragers downregulate the expression of 
acetylcholinesterase compared to the nurses (Shapira et al., 2001). As a zinc transcription 
factor, the varying expression of Kr-h1 might regulate the neurotransmitter release, 
neurotransmitter receptor-based signaling, electrophysiological properties of neurons or 
synapse formation. Conceivably, it is difficult to detect these changes based on the 
neuronal morphology. Further insights to Kr-h1’s roles in regulating neurite 
branching/arborization may depend on the identification of additional genes which are 
regulated by the Kr-h1.  
In addition to its involvement in the nonmorphogenetic aspect of ecdysone-
dependent output, KR-H1 can potentially antagonize the neuronal morphogenesis and 
may regulate the neural morphology by stabilizing it. If it really functions to stabilize the 
neuronal structures, it may also block pruning or loss of neurite branches. This notion is 
supported by the observation that endogenous expression of Kr-h1 is repressed when 
there is active neural branching but otherwise it is widely expressed in the CNS. Further, 
an opposing genetic program might act to offset KR-H1’s anti-morphogenetic activity in 
the neurons that express Kr-h1 during their active morphogenesis. Under this 
circumstance, failure to detect any loss-of-Kr-h1 phenotype suggests that there might be a 
homeostatic or compensatory mechanism to regulate the normal degree of morphogenesis 
in the absence of KR-H1. However, only at a time when such a feedback mechanism is 
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 disrupted (e.g. in a babo mutant background) one can start to appreciate how endogenous 
KR-H1 negatively regulates neuronal morphogenesis.  
Finally, we should realize that regulation and function of KR-H1 might be 
different among various insects. Even in Drosophila, it remains largely unknown how the 
ecdysone regulates the expression of Kr-h1. First, Kr-h1 expression in the neuronal 
precursors does not depend on the USP, a common receptor that forms various 
heterodimers with ecdysone receptors. Second, though Kr-h1 expression in the 
postmitotic neurons might be upregulated by ecdysone during the larval development and 
metamorphosis, Kr-h1 expression in the usp mutant neurons is unexpectedly enhanced at 
the adult stage (unpublished observation). For the ecdysteroid in the adult honey bees, the 
levels remain mostly low though a peak level occurs on day 3 (Hartfelder et al., 2002). 
Nevertheless, how ecdysteroid affects the expression of Kr-h1 in the bee brains also 
remains largely unknown. Furthermore, the honey bees may have adapted to the highly 
organized social structure together with the delicate molecular machinery. It comes as no 
surprise that reorganization of gene expression profiles might be commonly used for the 
evolution of social behaviors. For instance, the foraging gene (De Belle et al., 1989) and 
malvolio (Rodrigues et al., 1995) which regulate the food searching behavior and sugar 
perception in Drosophila respectively, has been co-opted to regulate the foraging 
behavior in honey bees (Robinson and Ben-Shahar, 2002). In addition, with the wide 
application of comparative genomics, it is not surprising to find proteins that operate in 
the similar pathways across different organisms but with opposite functions. For instance, 
elevated expression of PKG is correlated with roaming behavior during larval and adult 
feeding in Drosophila and foraging behavior in honey bees, but acts in opposite manners 
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 in C. elegans (Fujiwara et al. 2002) and the red harvester ant, Pogonomyrmex barbatus 
(Ingram et al., 2005). Taken together, dynamic expression of Kr-h1 may orchestrate the 
neuronal morphogenesis with metamorphosis in the developing Drosophila CNS, but it 
remains unknown what neuronal properties might be governed by KR-H1 in the adult fly 
brain. Understanding this will potentially shed light on the roles of KR-H1 in the honey 
bee’s brain plasticity.  
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Figure 5-1. Expression of KR-H1 in the larval MBs of various genotypes 
Single-focal-plane confocal images showing expression of Kr-h1 (magenta), as revealed 
by immunostaining with anti-KR-H1 antibodies, in wandering larval MB cell bodies 
(green) that were located by targeted expression of UAS-mCD8::GFP (B, F) or based on 
selective enrichment of EcR-B1 (D). [A], [C], and [E], respectively, show the KR-H1 
expression patterns of [B], [D] and [F]. Scale bars in this and all the following images 
equal 20 μm. Genotype: (A, B) UAS-mCD8::GFP; GAL4-OK107; (C,D) Kr-h11/Kr-h11; 
(E,F) EP2289/UAS-mCD8::GFP, GAL4-201Y 
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Figure 5-2. No morphological defects in MARCM clones of Kr-h11 mutant MB 
neurons  
Composite confocal images showing adult MB Nb clones (A, B), that were generated in 
NHL, as well as single-cell clones of γ or α/β neurons that were, respectively, derived in 
NHL (C, D) and at the mid-pupal stage (E, F). (A, C, E): wild type clones; (B, D, F): Kr-
h11 mutant clones. 
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 Figure 5-3. Inhibition of initial neuronal morphogenesis by ectopic KR-H1 
expression 
Composite confocal images of adult MBs that might have acquired various 
morphogenetic defects following induction of EP2289 in distinct patterns. MB 
morphologies were visualized by targeted expression of UAS-mCD8::GFP (green) and/or 
selective labeling of the MB γ (weak magenta, projecting horizontally), α (strong 
magenta, projecting vertically), and β (strong magenta, projecting horizontally) lobes 
with the 1D4 monoclonal Ab. Note wild-type morphologies in [B], [C], and [D-F].  
Genotype: (A) EP2289/UAS-mCD8::GFP; GAL4-OK107/+; (B) EP2289/UAS-
mCD8::GFP, GAL4-201Y/+; (C) EP2289/+; 247-GAL4/+; (D-O) EP2289/UAS-
mCD8::GFP; tubP-GAL80[ts]/+; GAL4-OK107/+.  
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 Figure 5-4. Blockage of γ MB axonal re-elaboration by postmitotic expression of 
KR-H1 
(A, B) Composite confocal images of representative adult single-cell clones of MB γ 
neurons that were generated in NHL. 
(C-H) Representative schematics of axonal trees generated by semi-automatic 3D tracing 
of the single-cell-clone γ neurons’ neurite trajectories in the MB γ lobe. [C] and [D] are 
the tracing of [A] and [B], respectively.  
(I) Quantitative analysis of the percentages of total arbor (as opposed to the main trunks; 
see Materials and Methods) lengths in individual axonal trees that are wild type (e.g. [C], 
[E], [G]), homozygous mutant for Kr-h11 (e.g. Figure 2D), or positive for EP2289 (e.g. 
[D], [F], [H]). 
Genotype: (A, C, E, G) hs-FLP, UAS-mCD8::GFP/+; FRT[G13]/FRT[G13], tubP-
GAL80; GAL4-OK107/+; (B, D, F, H) hs-FLP, UAS-mCD8::GFP/+; EP2289, FRT[G13] 
/FRT[G13], tubP-GAL80; GAL4-OK107/+. 
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 Figure 5-5.  Dynamic expression of Kr-h1 in the developing central brain and its 
dependence on USP 
(A-O) single-focal-plane confocal images showing expression of KR-H1 (magenta) in the 
regions of MB cell bodies (green) at various developmental stages. A close-up view of a 
MB progenitor (arrow) and its young progeny (outlined with white dashes) is shown in 
[A] to [C]. In addition, cropped areas in [J] to [L] are shown in [M] to [O] with higher 
magnification. 
(P-R) Expression of KR-H1 (magenta) is specifically reduced within the MB Nb clone of 
usp2 homozygous mutant neurons (green) 
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Figure 5-6. Rescue of babo mutant DC neuronal morphogenesis by removal of KR-
H1 
(A, D, E) Composite confocal images of Nb clones of DC neurons in the outlined 
wandering larval brains. As compared with the wild-type clone (A), the babo mutant 
clone in an otherwise wild-type background (D) was much delayed in its morphogenesis. 
Interestingly, the delay in DC neuronal morphogenesis could be significantly rescued 
when babo mutant clones were induced in Kr-h11 mutant organisms (E).  
(B, C) Single-confocal-plane images showing expression of KR-H1 (magenta) in the 
same region of DC neuronal cell bodies (green) at the mid-3rd instar stage.  
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Figure 5-7. Aberrant EcR-B1 expression patterns in the morphologically intact Kr-
h11 mutant CNS 
(A-D) Composite confocal images showing expression of EcR-B1 in wild-type (A, C) or 
Kr-h11 mutant (B, D) wandering larval CNSs. Close-up views of the boxed regions in [A] 
and [B] are shown in [C] and [D], respectively. 
(E-L) Various partially merged confocal images showing the corresponding neurite tracks 
of secondary lineages, as revealed by the BP106 monoclonal Ab, in wild-type (E, G, I, K) 
or Kr-h11 mutant (F, H, J, L) wandering larval thoracic ganglia.  
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Chapter VI 
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 The work presented in this dissertation mainly focused on the functions of Dscam 
transmembrane variants that regulate the axonal versus dendritic morphogenesis and the 
roles of Dscam ectodomain variants in the neuronal morphogenesis. These studies 
suggested that distinct Dscam isoforms execute their functions in different neuronal 
subcellular compartments, most likely due to their differential protein distribution. 
Dscam[TM1], with preferential targeting to dendrites, regulates dendritic elaboration, 
while Dscam[TM2], with accumulation in the axons, governs the axonal arborization. 
Through structural functional analysis, axonal targeting motif of Dscam was identified in 
the cytoplasmic juxtamembrane segment of TM2. Further, by exchanging Dscam 
repertoires in axons and dendrites through end-in gene targeting approaches, some types 
of neurons exhibit the changes in the dendritic and axonal morphology, suggesting that 
Dscam population in the axons and dendrites might be different and this difference may 
contribute to different degree of complexity in axons and dendrites. Finally, studies in 
Dscam ectodomain variants in several model neurons suggest that depending on the 
neurite complexity, neurons have different degree of requirement for Dscam ectodomain 
variants and that weak homophilic interaction between the neuron and the surrounding 
environment may promote proper neuronal morphogenesis.  
 
New insights into the mechanisms underlying the alternative splicing of exon 17s 
Comparative genomics between Drosophila species have proposed that there are 
two pairs of conservative intron sequences between exon 16 and exon 18 that promotes 
the alternative splicing of exon 17s. In our study, the genomic deletion lines that lack 
either exon 17.1 or exon 17.2 after imprecise P element excision produced abnormal 
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 transcripts, providing in vivo data supporting the bioinformatics models (data not shown 
here), further supporting the important roles of introns in regulating alternative splicing 
of exon 17. More interestingly, in the complete swap allele between exon 17.1 and exon 
17.2 at the genomic loci, the alternative splicing machinery was also interrupted in a way 
that in addition to production of truncated transcripts without exon 17, normal transcripts 
did not produce enough Dscam protein for immunoreactivity. It will be very interesting to 
figure out how the configuration change in exon 17 regulates the alternative splicing.  
Since exon 17.1 is shorter than exon 17.2 in terms of nucleotide composition, one 
possible reason for the disruption in the exon 17 alternative splicing is the length change 
of exon 17 in the complete swap allele might lead to the defected alternative splicing. 
However, this was not the case since the major difference between exon 17.1 and exon 
17.2 was the cytoplasmic juxtamembrane region and the swap between this small region 
at the genomic locus did not lead to any disruption in alternative splicing.  
 In my study, Dscam mini transgene assays were developed for evaluating how 
small region swap between exon 17.1 and exon 17.2 might affect the alternative splicing. 
Encouragingly, these assays turned out very reliable for addressing whether it could give 
clues about alternative splicing machinery. Since cytoplasmic region swap did not lead to 
disruption in alternative splicing, we also assayed the other two regions in exon 17: 
extracellular portion and transmembrane portion. Interestingly, swap in either of these 
two regions led to high GFP expression without producing truncated Dscam transcripts 
 (unpublished data, Shi et al.). Thereby, it is attempting to postulate that splicing 
machinery may need at least two domains at the right genomic locus to perform the 
normal splicing function. One theory could be that exonic splicing enhancers in those two 
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 domains need to interact with each other together with other splicing factors to regulate 
the proper alternative splicing. To test this model, future work with systematic mutations 
in any of these two domains is required.  
 
New insights into the mechanisms how Dscam regulates the precise wiring of neural 
circuitry 
The data in my studies support the idea that multiple aspects of Dscam mediated 
functions contribute to the precise wiring of diverse neural circuitry. First, through 
cytoplasmic juxtamembrane mediated protein targeting, two Dscam transmembrane 
variants, Dscam[TM1] and Dscam[TM2], could regulate the dendritic and axonal 
morphogenesis, respectively (Shi et al., 2007). Further, other studies (Matthews et al., 
2007; Hughes et al., 2007; Soba et al., 2007) suggest that both Dscam[TM1] and 
Dscam[TM2] mediate the similar function of self avoidance between sister neurites 
through its cytoplasmic domain mediated repulsive signaling. This is different from the 
recent study in alternatively spliced isoforms, Robo3.1 and Robo3.2 which demonstrated 
opposing functions though both isoforms were expressed in the axons: Robo3.1 is 
primarily expressed in the precrossing and crossing portions of commissural axons, 
favoring the midline crossing by blocking Silt repulsion whereas Robo3.2 is mainly 
accumulated in the postcrossing portion, blocking midline recrossing by favoring Slit 
repulsion (Chen et al., 2007). At this moment, genetic studies in the Drosophila MB 
suggested that dynein-dynactin complex was required for restricting Dscam[TM1] to the 
dendrites (Yang et al., 2008). It remains to be further elucidated whether the same 
complex or different ones might be employed to target Dscam[TM2] to the axons.  
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 Second, spatial regulation of Dscam[TM1] and Dscam[TM2] which is located in 
dendrites and axons respectively, may provide another level of control over the neural 
wiring by executing independent control of Dscam repertoire in dendrites and axons. The 
independent control could be done through changing the different Dscam expression 
level or different Dscam ectodomain variety in axons versus dendrites. Indeed, the recent 
work in the Drosophila visual system suggested that expression level of the N Cadherin 
transmembrane variants, rather than the identity of the variant, could determine the rescue 
effects on R7 targeting defects of N Cadherin homozygous mutants (Nern et al., 2005). 
Further, the partial swap Dscam allele DscamhybridTM showed subtle changes in axons or 
dendrites in some specific neurons, suggesting that Dscam repertoire in the axons and 
dendrites might be allocated differently by TM1 and TM2 and that change in the Dscam 
repertoire contributed to the cellular context-dependent wiring defects.  
Third, the study in Dscam exon 4 ectodomain variants suggested that different 
neurons might require different subset of Dscam ectodomain variants to perform their 
normal neuronal morphogenesis. These results were consistent with neuron specific 
profiling of Dscam repertoire and provided the in vivo evidence for significance of 
possessing distinct Dscam population in different neurons. Further, both studies in partial 
swap alleles and Dscam exon 4 variants supported the model of Dscam mediated 
attraction. This specific function of Dscam may provide the synaptic specificity between 
neurons and lay the foundation for the precise wiring of the complex nervous system.  
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 Major roles of Kr-h1 in mediating ecdysone signaling pathways 
Our studies revealed that loss of Kr-h1 did not lead to morphological defects in 
the nervous system though some molecular players were affected in terms of expression 
level and patterns. However, it remains possible that loss of Kr-h1 may lead to up-
regulation or down-regulation of some molecules which play important roles in the neural 
development. The comparative genomic analysis between wild type and Kr-h1 
homozygous mutants, to our surprise, did not reveal any up-regulation or down-
regulation of neurotransmitters, neuropeptides, neurotransmitter synthesis enzymes, 
transporters and neurotransmitter receptors (unpublished data). These results may suggest 
that Kr-h1 might play some global roles over the general developmental programming.  
 
Future studies on molecular functions of Dscam 
Dscam is an impressive example of one gene that could encode a huge number of 
immunoglobulin superfamily isoforms. The genetic studies showed that molecular 
diversity of Dscam was critical for the proper neural wiring and that homophilic 
interactions between Dscam isoforms provide the essential link from the isoform 
diversity to the recognition specificity in vivo. Further, biochemical and biophysical data 
demonstrated that homophilic interactions between Dscam isoforms critically depend on 
the modular contact in three variable Ig domains and this modular fashion allows the 
generation of thousands of specific Dscam homodimers. Indeed, this molecular 
recognition mechanism together with the speculated downstream repulsive signaling has 
been suggested to mediate Dscam regulated self-avoidance between sister branches of 
neurites in the same neuron.  
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  Though genetic studies supported Dscam mediated self-avoidance of sister 
branches of the same neuron (Wang et al., 2002; Matthews et al., 2007; Hughes et al., 
2007; Soba et al., 2007), it remains to be determined whether homophilic binding 
between Dscam isoforms mediates the interaction between processes of different neurons. 
Recent genetic study in the two Dscam transmembrane variants, Dscam[17.1] and 
Dscam[17.2] have shown that due to the different subcellular localization, one in the 
dendrites and the other in the axons, Dscam[17.1] and Dscam[17.2] regulates the 
dendritic and axonal morphogenesis respectively (Shi et al., 2007). One indication from 
this study is that by matching analogous, but not identical Dscam ectodomains coupled 
with 17.1 in the dendrites with some Dscam ectodomains coupled with 17.2 in the axons, 
weak homophilic interaction between Dscam isoforms could occur between axons and 
dendrites of neighboring neurons. However, it remains to be seen whether this weak 
Dscam-Dscam binding regulate the axon/dendrite morphogenesis. A major challenge for 
testing this hypothesis will be to manipulate the Dscam ectodomain choices in either 
axons or dendrites at the endogenous Dscam level. 
 Another challenge in studying the Dscam isoform specific functions in mediating 
neuronal recognition is its huge molecular diversity. Furthermore, Dscam diversity is 
conserved among all insect species and some crustacean species (Graveley et al., 2004; 
Brites et al., 2008). One interesting feature used by insects is to employ Dscam to 
generate diverse immune receptors against pathogens in their adaptive immune systems, 
providing another example of molecules used by both the immune and nervous systems 
for cell recognition (Watson et al., 2005; Dong et al., 2006). Though the early study on 
the mechanosensory neurons suggested that different Dscam isoforms regulated distinct 
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 aspects of the proper neural wiring (Chen et al., 2006), it remains unclear whether the 
misregulation of certain Dscam isoforms also contributes to the neural wiring defects. In 
order to understand the Dscam isoform specific functions, it is important to characterize 
the expression profiles of Dscam isoforms. So far, based on the customized microarray 
and cell sorting, it has been shown that each neuron expressed stochastic yet biased 
Dscam repertoire (Neves et al., 2004). Given the dynamic regulation of Dscam isoforms 
during the developmental stages, it is difficult to visualize the Dscam isoform expression 
pattern in real-time of a single neuron. Therefore, it is important to develop a more robust 
and real time methods for Dscam isoform expression profiling. Understanding the Dscam 
expression profiling is the prerequisite for further exploration of the distinct functions of 
Dscam isoforms in the neuronal recognition processes. 
 Interestingly, the self-avoidance function of Drosophila Dscam seems to be 
conserved in the mouse nervous system. In those studies, researchers observed that loss 
of Dscam in the dopaminergic amacrine cells and retinal ganglion cells significantly 
increased the number of processes that self-crossed (Fuerst et al., 2008; Fuerst et al., 
2009), analogous to loss of function phenotype in the Drosophila nervous system. 
However, in the mouse genome, there are only two Dscam genes which lack the 
molecular diversity though both genes function in self-avoidance of multiple cell types. It 
raises an interesting question about how the vertebrate nervous system achieves the more 
complex neural recognition. One hypothesis is combinatorial use of cell surface receptors, 
such as cadherins, protocadherins and neurexins could provide alternative diverse 
receptor specificity. Indeed, a recent genetic and biochemical study in the rat 
commissural axons showed that Dscam formed the receptor complex with DCC (Deleted 
                                                                  164
 in Colorectal Carcinomas) and the complex could mediate axonal growth response, 
demonstrating in vivo function of heterophilic complex between Dscam and other 
receptor (Ly et al., 2008). Future studies on the potential complex between Dscam and 
other mammalian cell adhesion molecules might provide insights into how cell 
recognition is achieved in the complex nervous system.  
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